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Abstract
Neural synchrony across listeners during language processing has been
found to be associated with successful comprehension in neurotypical adults. At
initial presentation of auditory-visual stimuli, neural responses appear to oscillate
in different rhythms across brain regions. As the stimulus progresses, the time
course of neural activity synchronizes across listeners, particularly in primary
auditory and visual processing regions. This phenomenon, which we refer to as
‘neural entrainment,’ has been observed in neurotypical individuals attending to
the same stimulus. Neural synchrony occurs due to the inherent neural response
elicited by a stimulus and has been shown to be consistent across participants in
specific regions when attending to the same, time-locked stimulus. In persons
with aphasia, language comprehension is often impaired, resulting in differing
degrees of comprehension deficits depending on the size and location of one’s
lesion. One way to explain such comprehension deficits may be a lack of neural
coupling across language processing regions during naturalistic comprehension,
likely caused by lesion damage.
The present study investigated neural synchrony among participants with
aphasia compared to neurotypical controls attending to the same naturalistic
stimulus. Regions that showed significant synchrony in the control group were
selected as seed regions of interest and were examined further in participants
with aphasia to investigate behavioral correlates. Results indicate that individuals
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with aphasia do not synchronize in in-tact brain regions, and there is evidence
that region-specific synchrony is associated with comprehension scores
particularly in right hemisphere ventral stream regions and left posterior temporal
regions.
The present study provides evidence that naturalistic synchrony can
explain some degree of the integrity of residual regions and regional synchrony is
associated with off-line comprehension ability.
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Chapter 1: Introduction
1.1 Background
Aphasia, an acquired language disorder that is typically caused by stroke,
can affect both production and comprehension of spoken and written language.
People with aphasia (PWA) can demonstrate varying degrees of language
impairments depending upon lesion size, lesion location, and demographic
factors such as overall health and age at which the stroke occurred (Basilakos et
al., 2019; Holland, Fromm, Forbes, & MacWhinney, 2017; L. Johnson et al.,
2019; Watila & Balarabe, 2015). Language comprehension deficits are frequently
observed in individuals with aphasia, and descriptions of such are prevalent in
early accounts of aphasic impairment. Depending on the degree and location of
one’s lesion, deficits of comprehension may originate in low-level signal
processing, or may only be noticeable during high-level naturalistic
comprehension tasks like discourse perception. Regardless of the degree of
prevalence, research on aphasic disorders continues to focus on impaired
output, likely because speech production deficits are more noticeable than a
perceptual deficit.
Though convention holds that comprehension deficits occur mainly in
individuals with posterior damage, those with anterior damage (lesion profiles
more consistent with non-fluent aphasia) can also present with higher-level
comprehension deficits, likely due to the additional cognitive demands necessary
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for decoding complex language presentations (Caramazza and Zurif, 1976).
Additionally, neural mechanisms of comprehension do recruit regions responsible
for performing a variety of cognitive mechanisms, each localized in different
regions across the brain, working in tandem to perceive, decode, and bridge
one’s prior knowledge with information that is presented. Although the necessity
of these domain-general regions for language processing is debated (Fedorenko,
2014), the interconnectivity (and proximity) of language-processing regions and
domain-general regions as well as observed functional involvement during
complex language tasks provides some evidence that interconnectivity between
these regions is a prerequisite natural response to complex processing
(Boudewyn, Long, & Swaab, 2012; Novick, Trueswell, & Thompson-Schill, 2005).
The interplay of these processes during language perception, in turn, can muddy
the waters and prevent a clear understanding of the processes necessary for
varying complexities of comprehension tasks. For these reasons, disorders that
impact comprehension pose critical challenges and, therefore, the mechanism(s)
responsible for successful comprehension are still not well defined.
Our fragmented understanding of the mechanism(s) responsible for
comprehension poses a critical setback to aphasia treatment and recovery. Prior
studies that have investigated aphasia treatment efficacy are plagued with small
group and case-study designs. More recently, larger meta-analyses of these
small-sample studies and clinical trials with comparably large samples have
revealed that language therapy is rather effective for those in both the acute and
chronic stages of stroke recovery (Brady MC & Campbell, 2016; Breitenstein et
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al., 2017; Fridriksson & Hillis, 2021; Robey, 1998). Though studies generally
support the notion that speech therapy works, even well after spontaneous
recovery, it is not always the case that intensive speech therapy will aid all
individuals with aphasia. Rather, two separate studies provide evidence of about
half of persons with chronic aphasia will continue to show improvement years
after stroke, whereas the other half either remain relatively stable or decline
(Holland et al., 2017; L. Johnson et al., 2019).
Overwhelming evidence points to overall aphasia severity as a strong
predictor of treatment response and maintenance (Kristinsson et al., in press;
Bonilha, Gleichgerrcht, Nesland, Rorden, & Fridriksson, 2016; Lazar et al., 2010;
Osa García et al., 2020). Previous studies investigating contributing factors of
overall aphasia severity, show that expressive language ability predominantly
drives severity score (Crary & Gonzalez Rothi, 1989; Ellis, Peach, & Rothermich,
2020). Clinically, when speech production deficits are most frequently observed,
treatment will be tailored to address such impairments which leads underlying
receptive disorders to be overlooked or ignored. Some study has gone into
investigating treatment response in participants with agrammatic aphasia
(associated with more severe non-fluent aphasia) and has found that agrammatic
production is also associated with impairments of higher-level comprehension
tasks which require syntactic parsing and referents (Cyr-Stafford, 1986; Luzzatti
et al., 2001; Meyer, Mack, & Thompson, 2012). Not treating a potentially
underlying comprehension deficit could explain 1) the observed lack of treatment
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response in those with severe aphasia; and 2) why persons with chronic aphasia
report difficulty in activities of daily living with even mild anomic aphasia.
Despite extensive literature investigating comprehension at the single
word or sentence level, little effort has gone into the investigation of the
underlying neural mechanisms involved in comprehension of naturalistic
discourse in PWA. Because conversation-based communication is essential to
daily living and quality of life, it is critical that we shift our research focus from
word- or sentence-level comprehension to a more ecologically valid presentation
of language. Conversation-based communication, which relies heavily upon
discourse comprehension, is essential to activities of daily living and impairments
can lead to depression, social isolation, and worse overall quality of life.
Therefore, there is a need to understand how one communicates outside of a
highly controlled laboratory setting with language presentations akin to those
experienced in daily life.
1.2 Understanding the Neural Organization of Speech Perception
Early documentations by Carl Wernicke in the late 1800’s describe the
primary auditory cortex as the central hub for speech perception (Wernicke,
1874). Following his well-known work with individuals who were described to
have what is now often referred to as Wernicke’s aphasia, Wernicke is credited
with implicating the ventral stream, with particular emphasis on the superior
temporal gyrus (STG), as a critical network for speech perception (Weiller,
Musso, Rijntjes, & Saur, 2009). Studies incorporating neuroimaging of stroke
survivors with aphasia confirm Wernicke, further adding to our understanding of
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auditory comprehension (Hickok & Poeppel, 2000; Scott, Blank, Rosen, & Wise,
2000). Accounts of left STG’s involvement during language tasks are not
exclusive to only speech perception, however. Given prior reports of its necessity
for speech perception, one might assume that damage to the STG would be
associated with comprehension deficits, however, prior studies have reported
that damage to the STG may impact speech production instead (Buchsbaum,
Hickok, & Humphries, 2001; Damasio & Damasio, 1980; Fridriksson, Fillmore,
Guo, & Rorden, 2015). Therefore, the question remained: If damage to left STG
does not always result in speech perception deficits, what region(s) are critical for
this process?
Relatively recent developments of task-based functional neuroimaging
allowed us to better observe what regions are active during a given task. Some
of the earliest imaging studies investigated neural activity during word-level
processing. In a seminal study by Petersen and colleagues (1988), the authors
used positron emission tomography to measure regional activity during three
levels of single-word processing. During passive auditory presentation of real
words, authors note bilateral temporoparietal and superior temporal regions, but
present evidence that frontal activity is associated with semantic retrieval during
a word association task (Steven E Petersen, Fox, Posner, Mintun, & Raichle,
1988). That speech perception is a bilateral process is not debated and is
observed in many studies of language comprehension independent of language
presentation modality (auditory, visual, or audio-visual) (Fujimaki et al., 1999;
Robertson et al., 2000; Wildgruber, Kischka, Ackermann, Klose, & Grodd, 1999)
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or domain (visual-manual or spoken languages (Bavelier et al., 1997; Johnson et
al., 2018; MacSweeney et al., 2002; H. J. Neville & Bavelier, 1998). Inferior
frontal regions, in addition to superior temporal regions, have also been
implicated in low-level perceptual tasks such as phonological processing and
judgement tasks (Myers, Blumstein, Walsh, & Eliassen, 2009; S E Petersen &
Fiez, 1993; B. Xu et al., 2001). Contrary to bilateral posterior involvement, the
recruitment of these secondary speech perception regions has been heavily
debated. Primarily, in order to assess comprehension ability, one must perform
some sort of motor-dependent task (via a spoken response, pointing to indicate
an answer, completing a command, etc.). One example of a typical assessment
of auditory/verbal comprehension requires a participant to point to body parts that
are prompted by a clinician or researcher. Persistence of a motor impairment,
such as limb apraxia, could impact one’s ability to point to more focal locations
along the body (nose, for example). In such examples where a motor task is
instructed, it is often not clear if an incorrect response is solely a result of the
motor impairment or if there is an underlying perceptual deficit. Further, in the
context of neuroimaging, comprehension tasks often require a participant to
indicate a correct response with a button press, a classic task that has been
shown to elicit motor activation. Some studies suggest the activation of these
frontal lobe regions may be due to the need for continual maintenance of
information, attention to the stimulus, and physically pressing a button to indicate
a response.
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To investigate if frontal lobe activity is exclusive to speech rather than a
result of task demands, Kiehl and colleagues (1999) compared abstract and
concrete word processing and found that concrete words elicited greater
activation in frontal lobe regions compared to abstract words, suggesting that
these regions are sensitive to particular linguistic stimuli, separate from task
demands (Kiehl et al., 1999). Further evidence of frontal lobe activation during
language comprehension was observed in studies of sentence processing during
both reading (Bavelier et al., 1997) and auditory sentence processing (Zurif,
Swinney, Prather, & Love, 1994). Results from early studies on complex
syntactic structure suggest that activity in classical frontal lobe language regions
(i.e., Broca’s area and surrounding areas) is a result of syntactic processing,
while posterior language regions play a role in perception at the phonological or
word level (Démonet et al., 1992; Mazoyer et al., 1993). More recent work,
however, has ascribed a stronger role of posterior temporal regions, particularly
pSTG and pMTG, in syntactic processing (den Ouden et al., 2012; Matchin,
Hammerly, & Lau, 2017; Matchin & Hickok, 2020; Pallier, Devauchelle, &
Dehaene, 2011).
Conflicting justification for the involvement of the frontal lobe during
syntactically complex comprehension tasks has more recently been suggested to
be due to the increased working memory and attentional demands of such
sentences (Matchin et al., 2017; Rogalsky & Hickok, 2011). In a study
investigating the role of working memory during comprehension, Newhart and
colleagues (2012) damage to the inferior frontal gyrus (IFG) was associated with
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poorer verbal working memory and comprehension of complex syntax. Results
from this study proposed a working memory network made up of the left angular
gyrus (AG) and posterior frontal gyrus and show that primarily left IFG and AG
are integral to comprehension of syntax.
Given working memory demands increase as comprehension stimuli
become more complex, it is not surprising that regions associated with discourse
comprehension largely overlap with working memory regions. In a large (N=145)
lesion symptom mapping study, Barbey and colleagues (2014) show bilateral
frontal regions are involved in both working memory and discourse
comprehension tasks. Importantly, many of the participants included in this study
had some damage to left frontal regions, which could affect memory encoding,
thus halting comprehension ability. Some degree of frontal lobe damage in
persons with aphasia is highly prevalent, therefore it is quite possible that even if
individuals with aphasia don’t present with low-level perceptual deficits, higherlevel comprehension processing may falter, thus negatively impacting naturalistic
perception which is often utilized during typical daily communication.
The idea that frontal lobe regions are involved during language
comprehension is not new. Early models of speech perception by Wernicke
incorporated a direct link between the auditory cortex and anterior language
regions. One of the most heavily documented models of speech perception, the
Motor Theory of Speech Perception, relies on active participation of intact motor
speech regions to map perceived phonetic gestures to acoustic signals
(Liberman & Mattingly, 1985). Liberman and Mattingly (1985) indicate that the
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first stage in speech perception after perceiving the acoustic properties within
primary auditory cortex is to map the perceived phonemic segments to their
respective physical gesture (i.e., tongue position, lip rounding, jaw height, etc.).
The need to reference physical ‘gestures’ during the speech perception is carried
out via a neural link between acoustic perceptual regions (primary auditory
cortex) and the location for motor speech gestures (inferior frontal regions).
The primary support for the integration of motor regions during speech
perception comes from literature on language development in children. Children
learn to speak through exposure to speech sounds and appropriate motor
gestures, which are encoded and practiced during the babbling phase. Though
speaking is largely a motor task, early development relies on sensory-motor
integration to learn motoric gestures and their respective acoustic
representations. Evidence of the link between sensory and motor regions is also
observed in adults when one of the two systems is disrupted via altered auditory
or motor feedback (Behroozmand et al., 2018; Houde & Jordan, 1998). Evidence
from lesion studies also supports the sensory-motor integration theory of speech.
Specifically, individuals with conduction aphasia, a disorder traditionally
associated with damage to white matter tracts connecting anterior and posterior
language regions, typically have good comprehension ability but produce
frequent phonemic paraphasias and are unable to repeat from an acoustic
prompt (Geschwind, 1965; Goodglass, 1992). Recent evidence has debunked
the traditional hypothesis that conduction aphasia is a “disconnection syndrome,”
rather suggesting that damage to the temporoparietal junction is associated with
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conduction aphasia (Baldo & Dronkers, 2006; B. R. Buchsbaum et al., 2011;
Hickok, 2000; Palumbo, Alexander, & Naeser, 1992). This pattern of cortical
damage leads to intact comprehension, with a load-sensitive deficit in production,
where longer words or phrases are more likely to contain errors (Goodglass,
1992). Following initial accounts of the Sylvian-parietal-temporal (Spt) junction’s
involvement in conduction aphasia, some studies presented evidence that Spt
may be a key player in the process of sensorimotor integration, potentially
encoding laryngeal gestures (Hickok, Okada, & Serences, 2009; Pa & Hickok,
2008).
Therefore, given the evidence of motor and sensory involvement during
low- and high-level speech perception, the theory of a dual-stream model of
speech processing was developed (Gregory Hickok & Poeppel, 2007a; Figure
1.1). The dual-stream model incorporates both a ventral stream, where sounds
are mapped into conceptual units of language, and a dorsal stream, where these
concepts interface with the motor system. Though there is less agreement on the
responsibilities of the dorsal stream during speech perception, some evidence
supports the notion that the visually perceived gestures during perception send
an efferent copy to sensory cortices to influence speech processing (Okada &
Hickok, 2009). A recent study investigating dorsal stream involvement during
word perception by Michaelis and colleagues (2021) found that motor
involvement is particularly evident during audiovisual word presentations, and is
related to accurate perception of phonemes (Michaelis, Miyakoshi, Norato,
Medvedev, & Turkeltaub, 2021). Given the fact that naturalistic comprehension,
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particularly during conversational speech, is typically audio-visual in nature, and
that more complex presentations of language rely more dorsal stream
involvement (AbdulSabur et al., 2014; Babajani-Feremi, 2017, Barbey et al.,
2014), it is expected that a large network of domain general and primary sensory
cortices are necessary for naturalistic comprehension.

Figure 1.1: Dual Stream Model of Speech (Hickok and Poeppel, 2007).
The neural mechanisms involved during naturalistic discourse
comprehension are rather under-investigated, and investigations incorporating
naturalistic paradigms which do not require the participant to respond to the
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stimuli are uncommon. Those that have investigated naturalistic discourse
perception have found reliable activity in bilateral superior temporal sulcus (STS),
retrosplenial, and cingulate cortex as well as frontal and prefrontal regions
(Hasson, Furman, Clark, Dudai, & Davachi, 2008; Lankinen, Saari, Hari, &
Koskinen, 2014). Frontal and prefrontal activity during comprehension of
naturalistic paradigms is selective to more complex (i.e., greater length, multiple
speakers, detailed content) stimuli (Sonkusare, Breakspear, & Guo, 2019).
Functions typically associated with these regions (complex thought,
semantic/syntactic comprehension, future prospecting, etc.) are considered
essential to integrating multisensory information from naturalistic language stimuli
(Sonkusare et al., 2019). Further, some studies of speech perception have been
shown to elicit in-tact frontal and parietal regions, thus providing evidence of an
interconnected system of language organization (Blumstein, Baker, & Goodglass,
1977; B. Buchsbaum et al., 2001; Du, Buchsbaum, Grady, & Alain, 2016).
The structure building framework
Theories of comprehension have more generally suggested that
successful perception of a message (through reading or listening) requires
construction of a situational model. Gernsbacher and colleagues (1990) referred
to this as the Structure Building Framework. The authors posed that, because
comprehension involves general cognitive processes and mechanisms,
successful comprehension must incorporate multiple cognitive tools (i.e., working
memory, attention, executive function) to both form and pull from the situational
model that is created during discourse comprehension. To build such a
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framework, first, the listener lays a foundation for their mental structures by
identifying key words or phrases early in the discourse. Next, structures are
developed by mapping on information when that information coheres with the
listener’s prior knowledge. Depending on the level of coherence of the
information, the listener will the enhance or suppress information into
substructures. These substructures are organized into memory nodes and, when
activated by incoming information, they form the initial foundation of the
message. As the message continues, memory nodes are activated and are either
enhanced or suppressed based on the level of reference to such nodes, and the
structure continues to build into a rich foundation for the listener to refer to.
The Structure Building Framework has been implicated across language
comprehension in both local (sentence to sentence) and global (discourse)
presentations, and has been found to be associated with successful
comprehension across both levels (Carpenter, 2002). In one study investigating
reading comprehension in neurotypical adults, O’Brien and Albrecht (1992) found
that, when presenting participants with a sentence that contradicted the first
sentence in a paragraph, the participants had greater difficulty comprehending
the contradicted information, suggesting that local and global coherence are
independent, but heavily influence each other (O’Brien & Albrecht, 1992). This
study also reinforced the notion that neurotypical listeners can (and do) establish
global coherence with ease, especially when local coherence is maintained
throughout the passage. Studies investigating comprehension in individuals with
varying severity in comprehension impairment provide an informative perspective
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on a disrupted system. In a study by Wegner and colleagues (1984), participants
with aphasia were able to comprehend main ideas far better than details in a
coherent story (Wegner et al., 1984). Therefore, though participants were able to
recall main concepts of the story, they had great difficulty remembering specific
details, suggesting that global and local coherence may rely on independent
processes or neural regions, though these regions have yet to be disentangled.
Evidence of syntactic comprehension being associated with discourse
comprehension in persons with aphasia also points to the possibility that greater
demand on a disrupted system (i.e., what is responsible for decoding
syntactically complex sentences) can impact one’s ability to comprehend lengthy
discourse (Caplan and Evans, 1990). Avrutin (2006) poses that this effect of
syntax on comprehension ability is what separates word- or sentence-level
stimuli from naturalistic stimuli. The added complexity of continual referents and
structure building during discourse comprehension could also explain a potential
dissociation between sentence and discourse comprehension (Avrutin, 2006). In
a treatment study with persons with aphasia, Kiran and colleagues trained
participants on local (sentence) coherence to investigate if improvements on
sentence comprehension generalize to global (discourse) coherence (Kiran, Des
Roches, Villard, & Tripodis, 2015). Participants completed treatment on either
sentence-to-picture matching or object manipulation to examine if improvements
on sentence comprehension targeting syntactic comprehension (local
processing) are associated with improvements in discourse comprehension
(global perception). Regardless of treatment type, improvement on sentence

14

comprehension was not associated with discourse comprehension improvement.
Results from this study provide further evidence of the likelihood of a dissociation
of neural structures responsible for local and global information processing,
however, it is unclear what neural correlates are associated with each and at
which stage global coherence begins to break down if local coherence is
impacted. It is possible that i) formation of the situational model is not possible; or
ii) the situational model is not appropriately referred back to after being formed.
What is clear, however, is that successful comprehension of local information is
not indicative of global comprehension, thus reinforcing the need to investigate
rich, naturalistic stimuli.
1.3 Challenges in Studying Language Processing
Traditionally, studies investigating cortical organization of language have
relied on tightly controlled experimental designs to investigate activation during
tasks containing simplistic stimuli with carefully curated control conditions. These
experimental designs rely on minimal pairs of stimuli or tasks during the
experiment to isolate specific processes through subtraction of control conditions
from the experimental condition (i.e., Binder et al., 1995; Okada & Hickok, 2006;
S E Petersen & Fiez, 1993; Steven E Petersen et al., 1988; Price, 2012 for a
review). Though these studies have contributed to the development of quite a
few neurobiological models of language, some publications have raised the
concern that results from controlled experiments may not generalize to stimuli
seen in naturalistic settings (i.e., during perception of discourse or conversational
speech; Schmuckler, 2001). Further, experiments that do use word/sentence-
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level stimuli often deviate from typical language use and even violate
grammatical rules. For example, sentence-level experiments of language
processing often rely on the participant to identify whether or not the syntactic
rules of the sentence have been violated (Gouvea, Phillips, Kazanina, & Poeppel,
2010; Hagoort, Brown, & Groothusen, 1993; H. Neville, Nicol, Barss, Forster, &
Garrett, 1991). Neural responses during tasks like these are generalized to
regions of language processing and syntax. However, these studies do not
address how processing of syntactically incorrect sentences might relate to
comprehension at a global scale, or to what extent activation one might observe
during such a task may reflect the nature of the task itself rather than processes
of language comprehension.
Brennan (2016) notes two limitations to studies using subtraction to isolate
processes of the experimental condition: first, the approach requires stimuli and
tasks that are rather different from naturalistic presentations of language; and
second, the results from these studies are often framed in qualitative descriptions
rather than quantifiable differences. Such qualitative descriptions (i.e., a condition
being described as ‘syntactically demanding’), though informative for the
development of language processing models, do not provide an explanation of
how such lab-generated stimuli generalize to naturalistic language presentations.
Rather, using naturalistic paradigms to study language perception mitigate the
need to conform such controlled experiments to the real-world, presenting
researchers with a directly applicable example of study findings. To address
these issues, some groups have called for a shift from designs with isolated
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word/sentence stimuli to more rich, naturalistic designs (Alday, Schlesewsky, &
Bornkessel-Schlesewsky, 2017; Brennan et al., 2012; Kandylaki & BornkesselSchlesewsky, 2019).
The majority of the work investigating language via naturalistic
experiments has studied language processing, particularly during reading
comprehension (Brennan, 2016; J. Xu, Kemeny, Park, Frattali, & Braun, 2005;
Yarkoni, Speer, Balota, McAvoy, & Zacks, 2008), auditory-only speech
perception (Brennan et al., 2012; Hasson et al., 2008; Y Lerner, Honey, Katkov,
& Hasson, 2014), and audio-visual speech perception (Dikker, Silbert, Hasson, &
Zevin, 2014; Skipper, Goldin-Meadow, Nusbaum, & Small, 2009; Stephens,
Silbert, & Hasson, 2010; Wilson, Molnar-Szakacs, & Iacoboni, 2008). The stimuli
used in these efforts move away from tightly controlled presentations of locallevel language and draw from examples of how language is used outside of a
laboratory setting (via literature, comedy sketches, lectures, and even movie
scenes). One of the biggest caveats to studying language processing using
naturalistic paradigms is the inevitable reduced control over stimuli. For this
reason, and due to the continuous nature of naturalistic designs more generally,
new methods of analyzing these data have emerged.
As previously described, traditional analysis of functional neuroimaging
data has adhered to a simple structure, referred to as “subtraction” (Friston et al.,
1996). Subtraction designs require, at its most basic, two conditions that differ
depending on the experiment’s question. For example, in the study described
above which investigated neural correlates of syntax, the experimental condition
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included syntactically correct sentences whereas the control condition included
syntactically incorrect sentences. The two conditions differ in only the cognitive
process of interest (i.e., syntax), with relatively similar cognitive demands.
Studies which utilize subtraction analyses typically follow a block- or eventrelated study design. In a block design, the two (or more) conditions follow an
alternating order to determine difference in activation between the conditions. An
event-related design, while similar, does not present the stimuli in a given order
but randomize their presentation order between conditions. Assuming that neural
activation is constant for each stimulus ‘block,’ subtraction studies remove
average activity during the control condition from the average activity of the
experimental condition to identify regions specific to the parameter of interest
(syntax processing, in this example). Areas of activation that exist after
subtracting the control condition are understood to be regions specific to the
experimental task. However, as described above, traditional functional
neuroimaging experiments typically require many trial epochs to calculate the
areas active during a task, on average, and a task throughout the experiment to
measure performance and gauge attention, requiring cognitive processes not
necessarily recruited during naturalistic language tasks. Such approaches are
statistically powerful and have led to many successful seminal papers on neural
bases of language, particularly for functions which recruit neural responses in
short epochs. In naturalistic settings, however, where language processing
typically involves narrative discourse, such methods are not beneficial (BenYakov, Honey, Lerner, & Hasson, 2012). In a naturalistic paradigm, traditional
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functional imaging designs are avoided, rather, continuous scanning with rich,
context-heavy language samples are used to evaluate neural response across
time. In the next section, methods for studying naturalistic language in a
complementary approach to that of traditional experimental designs will be
reviewed.
1.4 New Approach to Measure Naturalistic Perception
Neural coupling as a measure of shared response across participants
Emerging first in a study investigating shared visual processes across
individuals, Hasson and colleagues (2004) proposed a new approach to study
the perceptual system. Conventionally, studies of neuroscience aim to measure
the extent of similarity across neural responses to conditions of interest;
however, this is typically done using tightly controlled experimental designs.
Hasson and colleagues (2004) proposed a new approach, which utilized
naturalistic presentations of stimuli in order to simulate the naturalistic visual
process (presenting multi-object scenes, allowing the subject to scan the image
freely, thus anticipating that multiple modalities integral to naturalistic visual
perception should interact). To investigate this, uninterrupted 30-minute
segments of a cinematic movie were presented to participants during a
continuous scanning procedure. The authors proposed inter-subject correlation
(ISC) analysis to measure synchronous responses across participants. Such an
approach mitigates complications derived from the spatial and temporal
complexity of naturalistic stimuli, and is justified as an approach address the
question of “do we see the world in the same way?” Authors propose that areas
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of higher synchrony across individuals indicate regions that respond to
naturalistic stimuli in a predictable way, which could be indicative of similar
perceptual processes (Hasson et al., 2004).
When a region is recruited during a given task, oxygenated blood is sent
to the activated area, thus eliciting a blood-oxygenation level dependent (BOLD)
response. fMRI BOLD activity is measured within each voxel (smallest unit in a
three-dimensional image) at each time-point throughout the duration of the task.
When watching a movie, for example, the metabolic demand in selective regions
varies as a function of stimulation and can be measured over time on a voxel-byvoxel basis, giving us a time series of activity at each voxel. The time-course of
BOLD activity at each voxel can be segmented into three signals: i) the
consistent neural response elicited by a signal; ii) the idiosyncratic response
specific to the perceiver; and iii) an error term (e.g., head movement or
daydreaming) (Figure 1.2). The consistent response is assumed to be the same
across individuals attending to the same stimulus and is observed during lowlevel sensory processing and during processing of simple stimulus features
(Nastase, Gazzola, Hasson, & Keysers, 2019). These low-level sensory
processing stages have been hypothesized to be associated with the early
stages of auditory perception (Varney & Benton, 1979), which are necessary for
perceiving the auditory signal to be then sent to higher-level comprehension
regions. Higher-level cognitive processes introduce individual differences based
upon, for example, subject-specific memories or emotional ties to the stimulus.
The third variable, a general error term, accounts for any motion caused by
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respiration, a drifting mind during the task, or any signal not caused by the
stimulus itself. Together, these three signals are proposed to make up the BOLD
response measured on a voxel-wise basis.

Figure 1.2: Three components of neural signal across time:
consistent response across participants (green); individual
difference response to the stimulus (blue); and error term (red).
Figure adopted from Nastase et al., 2019.
Similar to traditional functional connectivity analyses, ISC analysis aims to
measure the similarity between the time-course of the same voxel across two or
more participants rather than between regions within one subject. Because this
analysis investigates BOLD signal fluctuations across time, this approach relies
upon participants receiving the same, time-locked stimulus. By correlating the
BOLD time series of the same voxel across participants, rather than within
participants (as with functional connectivity), ISC analyses are less impacted by
noise induced by individual differences during the task (i.e., head motion,
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breathing, etc.) (Simony et al., 2016). Further, naturalistic paradigms like movie
clips have been shown to result in less head movement across and within
individuals compared to traditional stimuli epochs (Cantlon & Li, 2013;
Vanderwal, Kelly, Eilbott, Mayes, & Castellanos, 2015). In a study by Nastase
and colleagues (2019), authors compare ISC to traditional general linear
modeling (GLM) approaches, stating that one of the biggest differences between
the two is that ISC does not require a hypothesis to be defined a priori. Instead,
ISC assumes a stimulus will elicit a consistent neural response across all
listeners, which provides a data-driven approach to estimate the level of
consistency across participants. To do this, each voxel’s time-course is
correlated with either another subject, or the average group’s time-course to
calculate a value which indicates the level of similar responses across
participants attending to the same stimulus (Nastase et al., 2019).
Although it is possible to use ISC in a hypothesis-driven study, the fact
that it can be performed without the definition of an a priori hypothesis allows
researchers to not be bound by evidence-backed voxel or region selection,
allowing for a more broad scope of investigation. This is particularly important, as
was discussed previously, because conventional fMRI paradigms utilize tightly
controlled designs which do not consider naturalistic aspects of processing, a
topic of interest to the present research study. Further, in traditional GLM
approaches, the time-course of BOLD activity is convolved with a hemodynamic
response function (HRF) to account for the hemodynamic delay (~6secs)
between stimulus presentation and neural response (Friston et al., 1998).
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Because we are comparing the same region’s response in a participant
compared to another individual or the group average when using the ISC
approach, it is not necessary to convolve the time-course of the neural activity of
the HRF. This is particularly helpful to address the potential confound proposed
by Miezin and colleagues (2000) that suggests different regions across the brain
have differing HRF delays. In resting-state functional connectivity analyses
(where one region is correlated with another region within the same individual),
this potential HRF difference between regions has been proposed to be a
confounding factor which may impact two regions’ inherent ability to work in
tandem. In the ISC approach, however, concerns for this are mitigated (Miezin,
Maccotta, Ollinger, Petersen, & Buckner, 2000).
Prior applications of ISC analysis
Prior studies that have used ISC analysis to investigate naturalistic
processing have almost exclusively included neurotypically healthy individuals. In
the initial study by Hasson and colleagues (2004), the authors reported that
individual cortical responses were not only similar within participants but also
across participants, particularly in early auditory and visual cortices. However,
they also found that inter-subject correlations which extend beyond primary
auditory/visual cortices do not occur during all movie segments but occur
primarily during movie segments which are content-heavy and those that express
emotional context (Hasson et al., 2004). This finding was consistent with studies
which provide evidence that stimuli that differ qualitatively elicit varying levels of
neural synchrony (i.e., emotionally diverse stimuli (Nummenmaa et al., 2012),
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predictable stories (Dikker et al., 2014), and stimuli that are more enjoyable
according to audience ratings (Dmochowski et al., 2014)). Additionally, prior
studies have shown that not all naturalistic stimuli result in high ISC (i.e., high
level of consistent response across participants), as the brain does not respond
reliably across all audio-visual presentations (Golland et al., 2007; Hasson et al.,
2004).
To investigate how the brain integrates information across time, one study
by Lerner and colleagues (2011) presented shuffled and altered versions of
naturalistic stimuli. Lerner and colleagues (2011) aimed to investigate the degree
of neural coupling after altering the temporal receptive window of presented
stimuli. In this study, the authors found that, across all scrambled conditions,
primary auditory cortex was correlated across participants, however, higher-level
perceptual regions (i.e., parietal and frontal regions) were synchronized only
when the stimuli were presented in a meaningful, consecutive sequence (Yulia
Lerner et al., 2011). In a later study, Nguyen and colleagues (2019) found
complimentary results that shared neural responses were modally invariant. In
their study, Nguyen et al. presented participants with either a visual
representation or a verbal interpretation of the same movie, finding that similar
regions (including linguistically specialized and default mode network regions)
were correlated across individual perceivers during both auditory and reading
perception.
Early studies which investigated ISC among individuals attending a
stimulus showed that this response is sensitive not only to specific stimulus
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features, but also to the underlying content and individual perception of the
stimulus (Dmochowski et al., 2014; Hasson, Malach, & Heeger, 2010;
Lahnakoski et al., 2014; Nummenmaa et al., 2012, 2014; Yeshurun, Nguyen, &
Hasson, 2017). Taken together, this early work proposed that this observable,
inherent response to a naturalistic stimulus could be evidence of a mechanism
which indicates proper attending to a stimulus, episodic encoding, and, thus,
typical perception. Indeed, these hypotheses were investigated in subsequent
studies which aimed to investigate how ISC relates to behavioral performance.
Hasson and colleagues (2008) first proposed ISC as being associated with
episodic encoding, particularly in STG, Spt, and medial prefrontal cortex (mPFC).
To study this, Hasson et al. administered a memory test 3 weeks following
presentation of a TV show (and MRI scan). Though the regions associated with
memory test scores were in areas not traditionally tied to memory formation, this
group posits that STG, Spt and mPFC all serve higher-level processes and
integration of auditory-visual information, thus fueling memory encoding. This
interpretation of the aforementioned regions’ role in information processing set
the stage for later studies investigating the role of ISC in other perceptual
measures such as audience likeability and stimulus interpretations (Jääskeläinen
et al., 2016; Nummenmaa et al., 2012; Tei et al., 2019).
Nummenmaa and colleagues (2012) presented movie clips to participants
from two feature films: When Harry Met Sally and The Godfather. After viewing,
participants were asked to provide a measure of their emotional experience
(range from 1 to 9) of the films. This study showed that as perceptual valence
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shifted from positive to negative, ISC was present in areas associated with
emotional processing (thalamus, ventral striatum, and insula) and domaingeneral regions. Additionally, this study also calculated mean whole-brain ISC
and found that this global measure was not associated with valence or a
measure of arousal, thus suggesting regionally specific effects of ISC’s relation to
behavior. Similarly, humorousness and its relationship with ISC was studied by
Jääskeläinen and colleagues (2016). This group identified similar regions which
showed higher ISC during naturalistic stimuli presentation as Nummenmaa et al.
(mPFC, temporal and parietal regions), but also found a novel result of ISC in
right frontal pole and the striatum being associated with perceived humor.
Though early studies investigating naturalistic perception inform the
literature on consistent responses to naturalistic stimuli and relate individual
perceptual scores to such responses, it is rather unclear to what extent these
responses are 1) a direct response to the presented stimulus; or 2) caused by
individual perceptual processes. These studies attempted to relate behavioral
measures to ISC, but I argue in the present paper that these studies do not
address the fact that neurotypical individuals (the population studied in the
aforementioned studies) do not have a perceptual deficit and will inevitably
respond to the stimulus in the same way. Additionally, the aforementioned
studies evaluated the relationship between synchrony and on-line behavior to the
stimulus (i.e., perception of the stimulus) rather than any off-line behavior (i.e.,
perceptual deficits).
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At present, no study has investigated the extent of neural synchrony
among individuals with aphasia, who have a language-specific deficit.
Investigating this potential mechanism in a group of individuals with varying
severity of comprehension deficits and lesions to critical language regions can
add to the current literature on whether neural entrainment is truly a function of
comprehension ability, or merely a shared response among participants
attending to the same stimulus. Additionally, a deficit which may be indicated by
lack of neural coupling among persons with aphasia poses an intriguing
possibility that may help to explain comprehension deficits in this population, how
these deficits can manifest, and perhaps identify a neural target for brain
stimulation approaches and/or neural response to treatment.
1.5 Purpose of the Study
The present study aims to investigate the extent to which persons with
aphasia present with neural synchrony in the same regions, compared to the
average control group during perception of a naturalistic stimulus. Although
recent studies using naturalistic paradigms present some evidence suggesting
that the neural entrainment ‘mechanism’ is necessary for comprehension, it is
unclear i) if this is truly a mechanism of comprehension, or a shared response
across participants regardless of comprehension; ii) how neural damage may
impact the potential mechanism, iii) the strength of the relationship between
comprehension ability and synchrony, and iv) if this is a mechanism which can be
targeted in treatment of comprehension deficits. Though the scope of the present
study will be limited to the first three questions, I aim to target the fourth question
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in future work. The combination of high-resolution neuroimaging, control data,
and extensive behavioral testing will allow an in-depth study investigating the
validity and importance of the previously proposed neural entrainment
mechanism.
1.6 Study Aims and Research Questions
Aim 1. To examine the extent of neural synchrony among participants with
aphasia compared to neurotypical controls when presented with naturalistic
stimuli.
Question 1. How does neural synchrony in persons with aphasia differ
from that of neurotypical control participants?
Hypothesis 1. Persons with aphasia will demonstrate lower neural
synchrony with other participants with aphasia due to the added
idiosyncratic neural response caused by the lesion.
Question 2. In what regions is neural synchrony present across
individuals with aphasia and are these areas comparable to regions in the
control group?
Hypothesis 2. ISC in low-level perceptual regions and right
hemisphere ventral regions will not be significantly different
between both participant groups
Question 3. Do individual participants with aphasia entrain to the average
ISC of the control group when attending to naturalistic stimuli?
Hypothesis 3. Persons with aphasia will present with high neural
synchrony with the control group in low-level perceptual regions
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(primary auditory and visual cortices) in the in-tact hemisphere.
Control participants will demonstrate high neural synchrony in both
low- and high-level perceptual regions.
The first goal of the present study is to examine the extent to which neural
mechanisms of participants with aphasia synchronize to other listeners when
presented with a naturalistic story using an inter-subject correlation (ISC)
analysis on continuously collected functional magnetic resonance imaging (fMRI)
data. To do so, I will first examine the extent of neural synchrony of participants
with aphasia using a leave-one-out cross validation whole-brain analysis.
Lesioned voxels will be masked out of this analysis at the individual level (i.e., not
included in the ISC analysis), therefore each individual will have ‘NA’ within each
lesioned voxel, resulting in the absence of ISC in these regions. Voxel-wise,
whole-brain ISC analysis between each subject and the group mean image will
be conducted to investigate how each individual neurally synchronizes to their
respective group (both for persons with aphasia and neurotypical controls) after
controlling for lesion volume.
Statistically comparing group differences of ISC is surprisingly complex (J
Chen et al., 2016; Janice Chen et al., 2017). Contrary to traditional GLM
analyses, which consist of independent first-level analyses for each participant,
ISC first-level analyses require comparison between participants (via Pearson
correlation of each voxel’s time-course), leading to correlation coefficients that
are not statistically independent. Without independent observations, we are
unable to perform traditional parametric tests. Recent developments of statistical
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approaches of group-level comparisons have been developed; one such method
is available in the ISC Toolbox, developed by Kauppi and colleagues (J.-P.
Kauppi, Pajula, & Tohka, 2014). The approach in the ISC Toolbox relies on the
concept that any neural synchrony observed among participants is time-locked,
and any shift in one of the time series would disrupt any temporal alignment, thus
eliminating the observed neural coupling. Therefore, in this approach, each time
series of BOLD activity is shifted many times (permuted) and the average
correlation from each shifted series is calculated, creating a distribution of
correlation coefficients. These time-shifted occurrences are then compared to the
actual correlation value, resulting in a p-value (J.-P. Kauppi et al., 2014; Nastase
et al., 2019). To adhere to appropriate statistical testing between groups, I will
conduct this group-wise ISC comparison using a non-parametric re-sampling test
via the ISC Toolbox (J.-P. Kauppi et al., 2014) to determine the difference in
average neural synchrony between persons with aphasia and neurotypical
controls (Questions 1 and 2).
Studies that have investigated neurotypical neural synchrony during
audio-visual presentation of naturalistic stimuli present evidence of eliciting
similar responses among listeners of attending to the same stimuli in regions
which aid in low- and high-level processing (Stephens et al., 2010). No study has
investigated shared neural response across individuals with neural damage,
particularly those with an acquired language disorder such as aphasia. I
hypothesize that the group with aphasia will present with significantly lower
average neural synchrony across the brain compared to neurotypical controls,
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even after excluding lesioned voxels from analysis. This initial analysis will serve
as a proof-of-concept, as it is expected that those with neural damage will
present with a BOLD signal time series different from those without damage.
Following our proof-of-concept aim, we will create a conjunction map
between neurotypical participants and persons with aphasia to identify regions
that are significantly more correlated across controls compared to those with
aphasia. Within the ISC Toolbox, we are able to generate difference maps
between two groups. This analysis utilizes a modified Pearson-Filon statistic
based on Fisher’s z-transform (Raghunathan, Rosenthal, & Rubin, 1996) to test
between two non-independent correlation coefficients (Krishnamoorthy & Xia,
2007; Raghunathan et al., 1996). Of particular interest is the impact of left
hemisphere damage to the bilateral ventral stream (specifically, regions in the
intact right hemisphere). I hypothesize that synchrony within intact left
hemisphere ventral regions in the participants with aphasia will elicit less ISC
within the aphasia group compared to the control group, particularly in regions
important for higher-order language processing (i.e., middle temporal gyrus,
posterior superior temporal gyrus). In the right hemisphere, it is expected that,
due to the interconnectivity of the brain, less ISC will be observed in the right
hemisphere also, although perhaps not to the same extent as the left
hemisphere. Low-level perceptual regions (particularly primary auditory and
visual cortices) will likely be similar in ISC between both groups, particularly in
the in-tact hemisphere. Unlike neurotypical controls, persons with aphasia will not
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show neural synchrony with other persons with aphasia, which will be visualized
in the group average ISC map.
The extent to which persons with aphasia synchronize to neurotypical
neural response will also be addressed under Aim 1 (Question 3). To do this, first
an average time series for the control group will be created by averaging all
voxel-wise BOLD time series’ responses at each time point during the stimulus
presentation. The time series for each participant with aphasia will then be
correlated with the average control time series to obtain the ISC value at each
voxel for each individual using the ISC Toolbox. ISC maps for each individual will
be created to visualize the extent of ISC between each participant with aphasia
and the average control response. I hypothesize that individuals in the aphasia
group will present with high ISC within in-tact low-level perceptual regions
(primary auditory and visual cortices), but low ISC in intact areas that typically
support higher-level processing (STG, MTG, and AG). Right hemisphere ISC will
be observed in ventral stream regions and within the occipital lobe with minimal
involvement of the frontal lobe as no motor involvement will be needed during the
task. Further, those with larger, more diffuse lesions will present with generally
lower ISC values than those with smaller, more focal regions.
Aim 2. To determine what language and/or cognitive measures are associated
with neural synchrony during perception of naturalistic stimuli.
Question 1. Is there an association between performance on cognitive
linguistic assessments and overall extent of ISC between the time series
of a person with aphasia and the average control group time series?
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Hypothesis 1. Persons with milder aphasia severity will
demonstrate higher ISC to the average control group. Those with
more severe aphasia will present with lower overall ISC with the
control group (i.e., not eliciting similar neural fluctuations as
neurotypical controls).
Question 2. Is high ISC in typically correlated regions (in controls)
associated with comprehension ability?
Hypothesis 1. Individuals with intact comprehension ability will
have high ISC values in functional regions of interest as defined by
the average control group.
The second aim of the present study is to investigate the relationship
between this relatively new indicator of synchrony to neurotypical individuals
(indicated by high ISC) and cognitive-linguistic scores. As previously discussed,
prior studies have investigated neural synchrony among neurotypical individuals
during perception of naturalistic stimuli. It is unclear to which extent abnormal or
absent neural synchrony due to neural damage is associated with performance
within cognitive-linguistic domains. Two studies have investigated individuals with
autism and showed less reliable (Hasson, Yang, Vallines, Heeger, & Rubin,
2009) or decreased (Salmi et al., 2013) neural synchrony among these
individuals compared to controls. Salmi and colleagues (2013) found that those
regions with lower ISC values (supramarginal gyrus and precuneus) in
individuals with autism to be associated with autism-quotient scores. Though
individuals with autism did not acquire neural damage due to stroke, results
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showing different manifestations of neural synchrony from controls provides
motivation to investigate this effect in persons with language disorders,
particularly in language comprehension. To that end, I plan to first identify what
behavioral scores are associated with a whole-brain average neural synchrony
with the control group. I expect more all-encompassing measures (i.e., aphasia
severity, and cognitive reserve) will be associated with average ISC.
Second, I will investigate the impact of ISC within functionally relevant
regions that are synchronized across neurotypical individuals on behavioral
scores, particularly discourse comprehension scores. The involvement of
superior temporal regions during language comprehension has been known
since accounts by Wernicke (1874) describing a patient with left posterior
superior temporal damage as having severe speech perception deficits. More
recent works have emphasized pSTG’s involvement during comprehension (i.e.,
Bates et al., 2003; Hickok & Poeppel, 2007; Kreisler et al., 2000; Rogalsky, Pitz,
Hillis, & Hickok, 2008; Wilson et al., 2008), showing that it extends beyond
auditory presentations of language and is involved across modalities, including
visual-manual languages like American Sign Language in both native, Deaf
signers (Sakai, Tatsuno, Suzuki, Kimura, & Ichida, 2005) and hearing second
language learners (Johnson et al., 2018). Therefore, I expect higher ISC in
bilateral STG and pSTG regions to be associated with better auditory-verbal
comprehension, whereas those with lower ISC will present with worse
comprehension ability on behavioral assessments.
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1.7 Significance
According to the National Institute of Neurological Disorders and Stroke, it
is estimated that there are approximately 2 million people in the United States
presently living with aphasia. Though stroke is typically associated with older
adults, recent trends show that stroke rates are increasing in younger individuals
worldwide (Bejot, Delpont, & Giroud, 2010; Kissela et al., 2012; Medin, Nordlund,
& Ekberg, 2004; Ramirez et al., 2016; Tibaek et al., 2016), and because of this,
people are living with stroke-related impairments longer (“Aphasia Statistics,”
2016). Aphasia can present differently depending on the location and extent of
neural damage, however, due to the reliance on numerous cognitive
mechanisms each localized across different regions of the brain, comprehension
of language is often impaired (to varying degree) in all persons with aphasia
(Simos, Kasselimis, Potagas, & Evdokimidis, 2014). Many studies have
investigated comprehension deficits in aphasia, focusing predominantly on wordlevel or sentence-level comprehension, and reported that participants have more
difficulty as syntactic complexity increases. Though the mechanisms causing this
difficulty are debated, one theory emphasizes the importance of in-tact working
memory during comprehension of syntactically complex sentences (Caspari,
Parkinson, LaPointe, & Katz, 1998; Sung et al., 2009; Wright & Shisler, 2005), a
domain often impaired in persons with frontal lobe damage. The relationship
between working memory and language has been explored extensively in
persons with aphasia, and those who present with limitations in working memory
have also presented with linguistic perception problems (Caplan & Waters, 1999;
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Christensen & Wright, 2010). This impact on linguistic perception often leads to
declines in overall quality of life, social withdrawal, and negative impacts in
functional communication.
Due to the complex nature of naturalistic stimuli, few imaging studies have
investigated discourse comprehension in persons with aphasia. Previous work
investigating the neural correlates and mechanisms behind successful
comprehension have relied on short epochs of sentences or word-level stimuli.
However, perception of single sentences or words in isolation is not functionally
relevant to naturalistic communication. For these reasons, thorough investigation
of the neural processes during discourse comprehension is critical to our
understanding of language perception in persons with aphasia. By comparing the
time-series of BOLD activity during discourse perception in persons with aphasia
to neurotypical controls, we can better understand the relationship between
neural synchrony and comprehension ability, perhaps identifying a neural marker
associated with impairment that could be targeted during therapy.
Though the impact of neural synchrony in clinical populations, particularly
in those with lesions, has not been investigated, synchrony in neurotypical
populations has been observed and described as a potential mechanism of
comprehension. Some studies have provided evidence suggesting that the
degree of neural synchrony can predict comprehension ability (Stephens et al.,
2010), but this has not been investigated in persons with varying degrees of
comprehension deficits. By investigating this, we will add to the evidence to
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suggest that the neural mechanism proposed by Hasson and colleagues reigns
true in clinical participants with cortical damage.
If we observe absent or abnormal synchronization during naturalistic
perception in higher linguistic processing regions and this is associated with
comprehension scores, we suggest that targeting and eliciting neural synchrony
in persons with aphasia during treatment may be a new approach to treating
comprehension deficits. This may also provide evidence as to why some
individuals with aphasia present with comprehension deficits during different
syntactic complexities depending upon the degree of neural synchrony. Results
from the present study can also inform researchers on the underlying mechanism
that appears to be present and manifesting itself as neural synchrony, having the
potential to lead in the development of assessments and treatments that can
target naturalistic comprehension. Results from the present study will act as a
framework to motivate future studies of neural synchrony in persons with
aphasia.
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Chapter 2: Methodology
2.1 Procedure
After informed consent was received, participants with aphasia completed
screening assessments, which addressed MRI safety and self-reported medical
history. Following screening and review of inclusion criteria, participants were
given cognitive-linguistic assessments, then proceed to the MRI scanner, taking
appropriate breaks to address fatigue. Age-matched neurotypical controls will
follow the same procedure but are administered one cognitive-linguistic task to
ensure they perform within normal limits, a criterion for inclusion.
2.2 Participants
The target population for the present study included individuals with
chronic aphasia (>6 months post stroke onset) resulting from a left hemisphere
stroke. Sixteen individuals were admitted into the study. Participants with aphasia
(PWA) were entered into the study if they adhered to the following inclusion
criteria: i) Between 25-80 years of age (mean = 59.4 + 9.9; range = 39 – 73); ii)
pre-morbidly right-handed; iii) native English speakers; iv) MRI compatible; v) no
history of neuropsychological disorders; and vi) hearing thresholds (uncorrected)
within normal limits. To ensure persons with aphasia successfully comprehended
task procedures, scoring > 5 on the Western Aphasia Battery – Revised (WAB)
Auditory Verbal Comprehension test was a criterion for study participation
(Kertesz, 2007). All enrolled participants completed the study tasks, and no PWA
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were excluded from analysis. Therefore, data from 16 participants (7 female)
were included in the analysis below. The mean time post-stroke was 63.4 months
(range = 18 – 211) and the average WAB aphasia quotient was 69.1 (range =
31.4 – 92.7). Aphasia types (as determined by the WAB) of the enrolled
participants break down as follows: anomic (N=5); Broca’s (N=5); conduction
(N=5); Wernicke’s (N=1).
Additionally, 13 healthy age-matched control participants were recruited
for the present study. The inclusion criteria were as follows: i) between 25-80
years of age (mean = 57.4 + 8.5; range = 40 – 68); ii) no history of neurological
impairments or seizures within the previous 12 months iii) right-handed; iv) MRI
compatible; v) native English speaker; vi) perform within normal limits of
cognitive-linguistic assessment; vii) and hearing thresholds within normal limits
(uncorrected). One control participant was excluded from analysis due to an
incidental finding (benign tumor in the left frontal lobe). Therefore, data from 12
control participants (8 female) were included in the analyses. The aphasia group
and control group did not significantly differ in terms of age, gender, and
education (Table 2.1).
All participants were required to provide written informed consent as per
the University of South Carolina’s Institutional Review Board. In exchange for
participation, persons with aphasia received $100 and neurotypical controls
received $50 in compensation (approximately $25 per hour of study
participation).
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Table 2.1: Demographic comparisons between groups

Mean age (SD)

Aphasia

Controls

(N=16)

(N=12)

59.4 (9.9)

Statistic

57.4 (8.5)

t(25.5) = 0.58; p=0.57

Gender (female/male) 7/9

8/4

X2(1) = 0.67; p=0.41

Mean Education (SD)

14.2 (2.8)

t(21.3) = 0.85; p=0.41

15.0 (2.3)

2.3 Cognitive-linguistic Assessments
Prior to MRI scanning, diagnostic testing was administered. Participants
with aphasia completed 5 cognitive linguistic assessments. If the person with
aphasia underwent diagnostic screening in the Aphasia Lab within 6 months of
study enrollment, scores from that assessment were used in lieu of re-assessing.
If prior testing was not available, the following assessments were administered: i)
Western Aphasia Battery-Revised (WAB-R), to assess aphasia severity (Kertesz,
2007). The WAB-R comprises the main clinical aspects of language functioning,
including speech content, speech fluency, auditory comprehension, repetition,
and naming. As part of study inclusion criteria, persons with aphasia were
required to score at least 5 (out of 10) on the auditory comprehension domain; ii)
Quick Aphasia Battery (QAB). The QAB is an abbreviated aphasia battery that
allows for testing of auditory comprehension, language production, repetition,
naming, and reading (Wilson, Eriksson, Schneck, & Lucanie, 2018); iii) Pyramids
and Palm Trees Test (PPTT), to assess the degree to which a participant can
access meaning from pictures and words (i.e., semantic processing) (Howard &
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Patterson, 1992); iv) Wechsler Adult Intelligence Scale (WAIS) Matrices test, to
assess non-verbal reasoning; v) Discourse Comprehension Test (DCT) to assess
comprehension and retention of stated and implied main ideas and details from
10 auditorily presented stories with 10 yes-no questions related to the passage
(Brookshire & Nicholas, 1993). To ensure control participants did not present with
cognitive decline, we administered the Cognitive Linguistic Quick Test (CLQT),
which measures strengths and weaknesses in five cognitive domains: attention,
memory, executive functions, language, and visuospatial skills (HelmEstabrooks, 2001). All neurotypical control participants performed within normal
limits on the CLQT. Table 1 and 2 provide a participant score breakdown for
further review.
2.4 MRI Procedure
A variety of structural and functional neuroimaging scans were collected
for both the control group and group with aphasia. All images were acquired on a
Siemens Trio 3T scanner, equipped with a 20-element head/neck coil. The
following images were be collected for all participants and used in subsequent
analyses:
i)

High-resolution anatomical T1-weighted scan with 1mm isotropic
voxels, 256x256 matrix size, 9-degree flip angle, 192 slices,
TR=2250ms, TI=925ms, TE=4.15, with a parallel imaging
GRAPPA=2, with 80 lines of reference.

ii)

High-resolution T2-weighted scan with 1mm isotropic voxels,
TR=2800ms, TE=402ms, variable flip angle, 256x256 matrix scan

41

with 176 slices, using parallel imaging GRAPPA=2, with 80 lines of
reference.
iii)

Task-based fMRI sequence where participants completed the
Adaptive Language Mapping (ALM) task developed, created, and
validated in persons with aphasia by Wilson and colleagues (2018)
(https://www.langneurosci.org/alm/). Participants are first trained on
the task in each phase of the training described in Wilson et al.,
(2018). The task consists of two conditions: words and symbols.
Both conditions will show either related or unrelated words or
symbols, and participants will indicate whether the two items
presented are related. If the participant identifies related items, they
were indicated to press a button using their left hand in the scanner
(to avoid eliciting motor activity from the button press in the left
hemisphere). Participant responses were inspected during the task
to ensure the participant understood the task and responded
appropriately. The following details the scan parameters: voxel
size=2.75x2.75x2.75, TR=1s, TE=37ms, 80x80 matrix with 56,
2.75mm thick slices; FOV=220x220mm, with 410 volumes, and a
total TA=6.83 minutes. This task was initially collected with the
intention to use it to identify functional regions of interest which are
specialized to language perception in order to evaluate the degree
of ISC in these areas during naturalistic speech perception. The
present study did not utilize data from this task in the reported
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analyses, as this study was modeled after previous ISC studies, but
future studies that incorporate regions identified with a functional
localizer pose a unique approach to evaluating synchrony across
participants.
iv)

Resting state functional connectivity (rsFC) during passive viewing
of an auditory-visual stimulus (see section Movie Stimulus below for
more details). Scanning parameters for the rsFC sequence were as
follows: voxel size=2.75x2.75x2.75, TR=1s, TE=37, 80x80 axial
matrix with 56, 2.75mm thick slices; FOV=220x220mm, with 430
volumes, and a total TA=7.17 minutes.

2.5 Movie Stimulus
The primary task of interest consisted of two video clips presented audiovisually. Given the linguistic nature of the video clips, they were used as and will
be subsequently referred to as our naturalistic comprehension task for ISC
analysis. Videos were used in a study by Wilson and colleagues (2017) and are
truncated versions of two episodes of the television series Freaks and Geeks
(Apatow, 1999-2000). As discussed in Wilson et al., 2017, this series was chosen
for our naturalistic stimuli because it typically consists of multi-partner
communication throughout the episodes (at least half the duration of each clip), is
engaging, and is relatively unfamiliar to viewers. Video clips are approximately 7
minutes in length and any potentially offensive material (including language,
reference to drugs and sex) were edited out. Prior to viewing, participants were
presented with a short, 12s preview of the video in conjunction with scanner
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noise in order to ensure the volume is playing at a perceivable level. Volume of
video presentation were presented within 5dB across participants to avoid
potential confounds in signal intensity due to increased amplitude of the auditory
signal. During viewing of the video clips, participants were instructed to watch,
listen, and pay attention to the video clips. A five-question survey of true/false
questions which addressed participant attending of the videos were presented in
written text to the participants following scan acquisition (in silence). To indicate if
a statement was ‘true,’ participants were instructed to press a button using the
button press provided to them, and indication of a false statement was provided
by refraining from pressing a button. This is the same response pattern used
during the ALM task (semantically related responses were indicated by pressing
a button; non-related stimuli indicated by not pressing a button). On-line
monitoring of participant responses was done in order to ensure the participant
answered the true/false questions, thus ensuring the participants attended to the
videos.
As previously discussed, ISC analysis has yet to be performed in
individuals with neural damage, therefore approaches to address signal noise
within the lesion have not been developed. This is the first study attempting to
use this approach in a population with a lesion, particularly to regions which are
often implicated in the literature during comprehension, such as the task in the
present study. Given that participants with neural damage present with varying
degrees of comprehension impairments which emphasizes the primary
motivation of the study, I propose the following methods to handling this data.
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First, individual ISC maps of participants with aphasia will mask out lesioned
voxels. To do this, lesion tracings in standard space are aligned to our
normalized naturalistic functional image. Voxels within the lesion are
subsequently removed from analysis by converting the supposed noisy signal to
NA values. Average whole-brain ISC for each individual are calculated by
averaging voxels outside of the individuals’ lesion. Finally, to account for the
impact of the lesion, lesion volumes are regressed out from the average ISC
value. To analyze left hemisphere seed regions’ relationship with behavioral
scores, proportion damage to the region is regressed from average ISC within
each region. Participants with damage exceeding 90% of the region are removed
from analysis as it is likely that any signal within the region is noise and not
meaningful.
2.6 Data Analyses
MRI Pre-processing
Lesions were demarcated on individual T2-weighted MRIs in native space.
Using a script developed in-house to preprocess clinical data, T1 and T2 images
were first co-registered, thus aligning lesion drawings to T1 space. Next,
enantiomorphic normalization was computed for T1 images (Nachev, Coulthard,
Jager, Kennard, & Husain, 2007) and normalization parameters generated by the
enantiomorphic normalization procedure were then used to transform lesionmasks to standard (MNI) space. Standard preprocessing steps for functional
images were implemented including slice time correction, rigid body motion
correction, co-registration of functional images to respective T1 images, and
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normalization to the MNI template using 12 degrees of freedom. Finally,
normalized functional images were smoothed using a 6mm Gaussian filter.
Individual visual inspection of all normalized images will be done to verify the
quality of the preprocessing procedure.
MRI Analyses
For inter-subject neural entrainment analyses (ISC), normalized
continuous functional images during naturalistic perception were analyzed using
the open-source ISC Toolbox (Kauppi et al., 2014). The ISC Toolbox is a Matlabbased toolbox which computes generic voxel-wise inter-subject correlations at
the group and individual levels using Pearson correlation coefficients as a proxymeasure of similarity between fMRI time courses. Group-level ISC maps were
generated using the ISC Toolbox which computes the average voxel-wise
correlation coefficient across all participants in each group (J. Kauppi & Iiro,
2010; participants with aphasia and neurotypical controls).
The ISC Toolbox computes thresholded (p<0.01, bonf. corrected) grouplevel ISC maps based on a parametric test first proposed by Wilson and
colleagues (2008). Correlation coefficients are transformed to z-scores using
Fisher’s z transform and a two-sample t-test will be performed to identify potential
differences in means between the two groups. A group difference will be
considered if p<0.05. Seed regions will be identified using the mean control ISC
map and will be used to address my second aim which aims to investigate
regions which, when performing similarly to controls, support comprehension

46

ability. The regions identified will be investigated further at an individual level in
our clinical group, addressed below.
To address our secondary aim, which requires individual ISCs to relate to
cognitive-linguistic scores, we will implement a script derived in-house based off
a leave-one-out approach described by Nastase and colleagues (2019). The
leave-one-out approach makes the assumption that the average ISC of a group
can be calculated by averaging the time series at each voxel across all
participants in a group. Therefore, an average control group time series was
calculated, thus create a single grand-average map. The time series of each
participant with aphasia for each voxel is then correlated with the grand average
control time series to create a map which indicates how similarly each participant
with aphasia performs to the average control group. ISC values across the entire
brain, voxels which show significant ISC (p<0.01; bonf. corrected) in controls,
and in seed regions were then related to cognitive-linguistic performance.
As described in Nastase et al., (2019), this approach will result in higher
correlation coefficients than what may be observed in our group-level maps
(Nastase et al., 2019). Choosing the leave-one-out approach will allow us some
flexibility when comparing two means, as issues of non-independence (as
observed in traditional pairwise approaches of individual ISC calculation) are not
a factor. A composite score will be calculated for each participant with aphasia by
averaging the ISC values outside of the individual’s lesion. This will give us an
indicator of how successfully persons with lesion damage are utilizing spared
regions (assuming the average control time series is indicative of typical

47

performance within the brain), and if the facilitation of certain regions can make
up for damage to language areas. Pearson correlations will be run between this
compositive measure and behavioral scores, lesion size, and months post stroke
to address the second question under Aim 2. Next, seed regions will be created
by identifying and dilating (5mm sphere) the peak voxel within each significant
(p<0.01; bonf. corrected) cluster in the mean control ISC map created under Aim
1. Using the seed regions identified in the control group ISC map, we will
calculate the ISC within these regions between each listener with aphasia and
the average control time series. Proportion damage to each seed region will be
regressed from the average ISC value in each region. Aforementioned ISC
values in left and right hemispheres will then be used as independent variables
(along with time post-stroke onset and proportion lesion damage) in stepwise
linear regression models (enter) to predict behavioral measures of interest: WAB
Aphasia Quotient (WAB AQ); DCT Main Ideas; DCT Details; and WAB
Comprehension Sub-score. Because the sample size is limited, the stepwise
regressions were all run without leave one out cross validation and all plots are
presented as fitted actual vs predicted values.
Given the likelihood of left hemisphere (LH) seed regions being within an
individuals’ lesion, such regions will require a more exploratory analysis.
Therefore, regions which have >90% damage in some participants will not be
included as an independent variable in the aforementioned regression models
but will be investigated at an individual level in their association with behavioral
measures. In such regions, ISC values (with proportion damage to the region
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regressed out) of participants with <90% damage will be included as an
independent variable in stepwise linear regression (along with proportion LH
damage and months post stroke onset) to predict behavioral measures of
interest: WAB Aphasia Quotient (WAB AQ); DCT Main Ideas; DCT Details; and
WAB Comprehension Sub-score. Proportion left-hemisphere damage and time
post stroke onset were included in the linear regression models due to their high
association with aphasia severity scores (Johnson et al., 2021, submitted);
Johnson et al., 2019; Plowman, Hentz, & Ellis, 2012). Significant results will be
considered if model and individual predictors p<0.05, but given the exploratory
nature of this study for left-hemisphere regions specifically, low sample size, and
missing data if a region is >90% damaged, consideration will be given to models
and factors trending towards significance (p<0.1). Table 2.1 provides an analysis
summary.
Statistical analyses were conducted in R statistical software using the
following packages: tidyverse, MASS, and dplyr (Brian, Venables, Bates, Firth, &
Ripley, 2021; Venables & Ripley, 2002; H. Wickham, 2008). Plots and graphics
were created using ggplot2 (statistics; Wickham, 2016) and Surf Ice (brain
viewing; https://www.nitrc.org/projects/surfice/). Source code for the methods
applied in this work are available at
https://github.com/lajohn25/NeuralSynchronyPWA.
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Table 2.2: Summary of data analysis approach
Dependent

Analysis Method

Variable(s)
Question 1: ISC group

Global ISC (z

Two-sample t-test (Wilson

differences

transformed)

et al., 2008)

Question 2: Regional

Voxel-wise ISC

Unpaired subject-wise

differences in ISC

(z transformed)

permutation test (5,000

Aim between groups

perm) with multiple

1

comparison correction
(Tohka et al., 2018)
Question 3: Synchrony

Mean global

Two-sample t-test (Wilson

between PWA and

ISC (excluding

et al., 2008)

control group

lesion)

Question 1: Global ISC

Mean global

with controls associated

ISC (excluding

with behavior

lesion)

Aim Question 2: Regional ISC
2

Pearson correlations

Mean seed-

Stepwise linear regressions

predict comprehension

region ISC

(enter)

scores

values; time
post-stroke;
lesion volume
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Chapter 3: Results
3.1 Group-Level Inter-Subject Correlation Analysis of Naturalistic
Comprehension
Average ISC maps were created for each group and are presented in
Figures 3.1A (neurotypical control group) and 3.1B (group with aphasia). A
conjunction map showing voxels which showed significantly greater (p<0.01;
bonf. correction) ISC within the control group compared to the group with aphasia
is shown in 3.1C. No voxels survived thresholding for greater ISC in the group
with aphasia compared to the control group. In the control group, significant
clusters of high ISC were observed in bilateral superior temporal gyrus (STG),
bilateral calcarine sulcus, right angular gyrus, right superior frontal, right
intraparietal sulcus, right cerebellum, left inferior frontal gyrus, and left precentral
gyrus (Figure 3.1A). In the group ISC map for persons with aphasia, ISC survived
thresholding (p<0.01, bonf. corrected) in right STG, and bilateral calcarine sulcus
(Figure 3.1B). A map showing regions where ISC was significantly greater in
controls compared to the aphasia group is presented in Figure 3.1C.
Unsurprisingly, control ISC in a large cluster of left hemisphere STG was
significantly greater than the group with aphasia. Compared to in-tact regions in
the group with aphasia, we also observe a greater ISC in controls in intact in right
STG, and bilateral calcarine sulci (Figure 3.1C).
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Figure 3.1: Group-level ISC maps for neurotypical controls (A),
persons with aphasia (B), and voxels with ISC values
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significantly greater in the neurotypical group compared to the
group with aphasia (C).
Ten seed regions were identified from the control group average ISC map
by dilating the peak voxel in each significant cluster by 5mm. An atlas of seed
regions was created and used in subsequent analysis (Figure 3.2). Table 3.1
provides locations of the central voxel within each seed ROI.

Figure 3.2: Seed regions selected from control group average ISC brain map
Table 3.1: Identified seed regions and their central coordinates in MNI space
ROI Location
X
Y
Z
LH Calcarine -8.7 -90.9 -0.2
RH Calcarine 9.8 -76.8 3.5
LH Inferior Frontal (Opercularis) -51.4 15.3 18.2
RH Intraparietal 35.6 -41.4 57.3
LH Precentral Gyrus -50.0 -1.6 46.2
RH Angular Gyrus 50.3 -50.3 43.3
RH Cerebellum 26.7 -82.7 -36.4
RH Superior Frontal 25.3 25.7 47.7
LH Superior Temporal Gyrus -58.1 -15.6 -1.0
RH Superior Temporal Gyrus 59.9 -7.5 -1.7
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Volume (# voxels)
525
525
525
525
525
525
525
525
525
525

3.2 ISC Comparison Between Aphasia and Control Groups
Using a script developed in-house, leave-one-out whole-brain ISC
analysis was done for each control individual with the rest of the control group
(Figure 3.3). Values calculated were then standardized using Fisher’s R to z
transform and averaged across all controls (mean=0.17+0.22). To compare the
average ISC map of controls with individuals with aphasia, a grand average time
series of BOLD activation including all control participants was created. The
grand average time series was then compared to participants with aphasia at the
individual level in intact brain regions (i.e., not included in the individual’s lesion
mask). Whole-brain ISC analysis between the average control time series and
each individual participant with aphasia was performed for each voxel. Voxels
within a participant’s lesion were masked out from analysis. Figure 3.4 depicts a
lesion overlay map of the participants with aphasia. The greatest degree of
overlap for the participants with aphasia was in the left arcuate fasciculus (N=14).
The remaining ISC values in the intact voxels were averaged to create a
single value indicating the overall similarity between a participant and the
average control time series. This metric, demographic information, and
behavioral scores of interest are presented for each individual in Table 3.2 below.
A two-samples t-test was conducted to compare whole-brain control ISC (using
leave-one-out cross validation) with ISC between participants with aphasia and
the control mean. The t-test revealed a significant difference between the control
group (M=0.17; SD=0.21) and the group with aphasia (M=0.12; SD=0.45);
t(22.7)=3.78, p<0.001. Mean whole-brain ISC with the grand average control time
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series was not significantly correlated (Pearson) with any demographic or
behavioral measures in our aphasic participants. Figure 3.5 provides multiple
correlation results in a correlation matrix, where the top right quadrant indicates
the Pearson correlation value plus the significance level (p-values<0.05*; pvalues<0.1·), the diagonal presents the distribution of each variable, and the
bottom left quadrant presents the bivariate scatterplots with a fitted line.

Figure 3.3: Average control ISC values from leave-one-out analysis from r
between 0.3 and 1.0

Figure 3.4: Lesion overlay map of participants with aphasia where dark red
indicates 100% of participants have damage to a given area.
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Figure 3.5: Correlation chart (Pearson correlation; distribution of data; and
bivariate correlation scatterplots) of average ISC with behavioral and
demographic variables.
Table 3.2: Demographics, behavioral scores, and average ISC with the control
average for PWA
ID

M2006
M2181
M2185
M2031
M2176
M2172
M2200
M2212
M2216
M2221
M2177
M2005
M2220

Mean (SD)
ISC
0.06 (0.13)
0.07 (0.14)
0.09 (0.17)
0.15 (0.19)
0.17 (0.21)
0.12 (0.17)
0.05 (0.13)
0.17 (0.23)
0.15 (0.21)
0.14 (0.19)
0.10 (0.18)
0.15(0.20)
0.12 (0.18)

MPS

Age

194
26
21
101
40
29
30
211
68
25
33
164
18

62
44
51
65
70
71
60
64
62
61
73
45
59

DCT
MI
18
19
17
16
17
20
15
20
20
15
20
17
17
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DCT
Det
14
15
16
13
12
19
13
14
17
15
17
10
12

AV
Comp.
8.65
10
6.7
6.35
9.55
9.2
8.3
8.9
8.6
9
9.9
7.35
7.5

AQ
92.7
72.4
53
43.3
68.9
73
31.4
64
67
83.4
89.8
62.3
58.2

Lesion
0.13
0.07
0.24
0.20
0.15
0.09
0.15
0.19
0.20
0.16
0.01
0.08
0.15

M2168 0.08 (0.17)
M2223 0.20 (0.25)
M2238 0.17 (0.21)

49
25
45

59
39
66

19
20
19

17
15
17

8.9
8.6
7.75

73.7
92.2
79.9

0.16
0.16
0.06

3.3 Relationship between ISC in Seed Regions and Comprehension
As detailed previously, 10 seed regions from our group-level control ISC
analysis were identified as significantly correlating across neurotypical
participants as they attend to the naturalistic stimulus. Of the 10 identified
regions, four were located within the left hemisphere and an additional 6 were
identified in the right hemisphere. Average ISC within each seed region was
calculated for all participants with aphasia and the proportion damage to each
seed region was regressed out from each raw average ISC value. Proportion
damage to each region was calculated by taking the raw number of lesioned
voxels divided by the total seed region volume. Two seed regions (LH STG and
LH IFG) were located in regions where participants had >90% damage to the
area. Participants with >90% damage to a given area were subsequently
removed from analysis, therefore, these regions were investigated individually.
The other 8 regions were included in stepwise regression models along with
proportion LH damage and months post stroke onset to predict behavioral scores
of interest (a total of 8 models). Table 3.3 presents individual ISC values for RH
seed regions, and Table 3.4 presents LH regions’ raw ISC values and proportion
damage to each region. Group averages for each region are provided in both
tables. Figure 3.6 presents individual raw ISC values in each region.
Table 3.3: Individual average ISC for each seed region in the RH
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RH
Calcarine
0.12
0.14
0.50
0.60
0.69
0.29
0.34
0.77
0.39
0.56
0.41
0.54
0.37
0.61
0.64
0.68
0.48

ID
M2006
M2181
M2185
M2031
M2176
M2172
M2200
M2212
M2216
M2221
M2177
M2005
M2220
M2168
M2223
M2238
Average
PWA
Average 0.70
Controls

RH
Intraparietal
-0.15
0.20
0.23
0.47
0.42
-0.01
0.00
0.24
0.14
0.23
0.06
0.29
0.22
0.13
0.18
0.67
0.21

RH
Angular
0.01
0.09
0.29
0.17
0.24
0.08
0.01
0.07
0.35
0.30
0.08
-0.08
0.12
0.22
0.38
0.37
0.17

RH
Cerebellum
0.13
-0.02
0.37
-0.06
0.13
0.20
0.07
0.14
0.03
0.23
0.11
0.16
0.10
0.40
0.36
0.21
0.16

RH
SFG
0.15
0.03
0.34
0.51
0.21
0.13
0.08
0.07
0.08
0.29
0.04
0.17
0.18
0.35
0.23
0.37
0.20

RH
STG
0.30
0.29
0.42
0.80
0.68
0.28
0.10
0.79
0.25
0.50
0.46
0.37
0.39
0.73
0.64
0.84
0.49

0.31

0.29

0.33

0.31

0.68

Table 3.4: Individual average ISC for each seed region in the LH.
ISC (prop. damage)
LH
LH IFG
LH
Calcarine Opercularis Precentral
M2006 0.25 (0)
0.02 (0)
0.05 (0)
M2181 -0.02 (0) 0.07 (0.96) 0.11 (0)
M2185 0.00 (0)
-0.02 (0)
-0.17 (0.11)
M2031 0.59 (0)
0.14 (0.39) 0.12 (0)
M2176 0.79 (0)
0.57 (0)
-0.18 (0.04)
M2172 0.27 (0)
0.14 (0)
0.33 (0)
M2200 0.09 (0)
-0.04 (1)
0.00 (0.98)
M2212 0.84 (0)
0.18 (1)
0.25 (0.16)
M2216 0.42 (0)
0.07 (0.99) 0.06 (0.12)
M2221 0.50 (0)
0.17 (0)
0.19 (0)
M2177 0.00 (0)
-0.01 (0)
0.20 (0)
M2005 0.16 (0)
0.01 (0)
0.07 (0)
M2220 0.15 (0.1) -0.01 (0)
0.00 (0)
ID
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LH STG
0.33 (0)
0.31 (0)
0.05 (0)
-0.18 (1)
0.15 (0.65)
0.49 (0)
0.12 (0)
0.40 (0.03)
-0.02 (1)
0.00 (1)
0.40 (0)
-0.07 (0.35)
-0.03 (0.99)

M2168
M2223
M2238
Average
PWA
Average
Controls

0.37 (0)
0.42 (0)
0.71 (0)
0.34

0.16 (0.88)
0.10 (1)
0.32 (0)
0.12

-0.08 (0.21)
0.36 (0)
0.51 (0)
0.11

-0.03 (1)
0.40 (0)
0.81 (0)
0.20

0.62

0.27

0.37

0.72

Figure 3.6: Visualization of ISC in each seed region for all participants with
aphasia. Dark blue indicates an ISC (i.e., Pearson correlation) of -1.0;
bright red indicates an ISC of 1.0.
The overall model predicting WAB AQ with ISC and demographic factors
was significant [R2=0.77, F(6,9)=9.73, p<0.001], with proportion LH damage (B=-
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286.1, p=0.002), months post stroke onset (B=0.2, p=0.01), ISC with control
average RH intraparietal (B=-66.2, p=0.002) and ISC with control average in RH
angular gyrus (B=136.0, p<0.001) being significant predictors (Figure 3.7A). The
model predicting the Main Ideas sub-score of the DCT test was significant
[R2=0.44, F(5,10)=3.36, p=0.048], with ISC with control average RH STG (B=8.8,
p=0.02) and ISC with control average RH SFG (B=-12.5, p<0.001) as significant
predictors (Figure 3.7B). The model predicting the Details sub-score of the DCT
test was significant [R2=0.42, F(3,12)=4.55, p=0.02], with ISC with control
average RH intraparietal sulcus (B= -6.7, p=0.03) and ISC with control average
RH angular gyrus (B=14.0, p<0.01) as significant predictors (Figure 3.7C).
Finally, the model predicting the WAB Comprehension sub-score was significant
[R2=0.66, F(8,7)=4.58, p=0.03) with ISC with control average RH intraparietal
sulcus (B=-3.4, p=0.04) and ISC with control average RH SFG (B=-5.2, p=0.03)
as significant factors (Figure 3.7D). Table 3.5 provides results from each model
described above and Figure 3.7 shows the scatterplots between actual values
and predicted values as determined by each stepwise regression model for all
behavioral scores.
Table 3.5: Stepwise linear regression results for behavioral scores of interest
Model

WAB AQ

(Intercept)
Lesion
MPS
LH PCG

Stepwise Linear Regression Model Results
Est.

Std.
Error

tStat

pValue

77.7
-286.0
0.2
-4.2

6.7
48.1
0.05
2.6

11.6
-5.9
3.1
-1.6

<.001
0.002*
0.01*
0.15
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Adj
R2
0.78

pValue
0.002

DCT Main
Ideas

DCT
Details

WAB
Comp.
Subscore

RH IPS
-66.2
RH AG
136.0
RH STG
23.2
(Intercept)
18.1
RH Calcarine
-6.6
RH AG
4.0
RH SFG
-12.5
RH STG
8.8
RH Cerebellum
4.1
(Intercept)
16.1
RH IPS
-6.7
RH AG
14.0
Lesion
-16.6
(Intercept)
10.5
Lesion
-9.7
MPS
-0.004
LH PCG
-0.3
LH Calcarine
0.5
RH IPS
-3.4
RH AG
2.0
RH SFG
-5.2
RH STG
2.1

15.6
25.8
14.9
0.9
3.4
3.0
3.4
3.0
3.0
1.2
2.7
4.0
8.4
0.8
4.3
0.0
0.2
0.3
1.3
2.0
1.9
1.5
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-4.2
5.3
1.6
19.3
-2.0
1.3
-3.7
2.9
1.4
12.9
-2.5
3.5
-2.0
12.5
-2.3
-1.1
-1.4
1.4
-2.6
1.0
-2.7
1.4

0.002*
<0.001
0.15
<0.001
0.08^
0.21
0.004*
0.02*
0.20
<0.001
0.03*
0.004*
0.07^
<0.001
0.06^
0.29
0.20
0.19
0.04*
0.34
0.03*
0.20

0.44

0.048

0.42

0.02

0.66

0.03

Figure 3.7: Actual versus predicted values from the stepwise
regression model results for WAB AQ (A), DCT Main Ideas (B),
DCT Details (C), WAB Comprehension sub-score (D).
The relationship between behavioral scores and ISC was investigated
separately for two left hemisphere regions: STG and IFG. After removing
participants with >90% damage to these regions, 11 participants were included in
the stepwise regression models to predict behavior from ISC, proportion LH
damage, and months post stroke onset. Though not significant, a main effect for
STG was trending towards significance for WAB AQ (p=0.08) and DCT main
ideas (p=0.06) (Table 3.6). In the models including LH IFG, only proportion LH
damage was included in the model to predict WAB AQ (B=-146.2, p=0.04) and
DCT main ideas (B=-16.0, p=0.03) (Table 3.7).
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Table 3.6: Stepwise linear regression results for STG ISC
Stepwise Linear Regression Model Results
Model
Est.
WAB
AQ
DCT
Main
Ideas

(Intercept) 70.9
LH STG
10.7
(Intercept) 18.4
LH STG
1.0

Std.
Error

R2

tStat pValue

4.9
5.4
0.4
0.5

14.5
2.0
42.0
2.1

<.001
0.08^
<.001
0.06^

pValue

0.23

0.08^

0.26

0.06^

Table 3.7: Stepwise linear regression results for IFG ISC
Stepwise Linear Regression Model Results
Model
Est.

Std.
Error

tStat

pValue

Adj
R2

pValue

WAB
AQ

(Intercept)
Lesion

89.8
-146.2

8.9
61.9

10.0
-2.4

<.001
0.04*

0.31

0.04*

DCT
Main
Ideas

(Intercept)
Lesion

19.8
-16.0

0.9
6.2

22.0
-2.6

<.001
0.03*

0.36

0.03*
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Chapter 4: Discussion and Conclusions
4.1 Summary
A growing body of literature shows that individuals who perceive
naturalistic stimuli have measurably similar neural responses throughout the
duration of the stimulus. These similar patterns of neural response, also referred
to as neural synchrony, are measured as ISC. Using the ISC analysis approach
allows investigators to study naturalistic perception tasks, which consist of
temporally long (typically between 5-10 minutes) stimuli that one often
encounters in daily life. Studying the networks that are active during perception of
such stimuli result in generalizable results to the natural comprehension
processes one typically elicits outside of typical laboratory paradigms. ISC
analysis is carried out by taking a voxel’s BOLD activity across time and
correlating it with the time series of the same voxel in another participant or the
group average time series within that voxel. The resulting correlation value
(between -1 and 1) indicates the level of synchrony between one participant and
another (or the group). Voxels with high correlation values (i.e., high synchrony)
across many participants reveal the areas that respond to the stimulus in the
same way across participants. Regions that show high ISC across participants
attending to a stimulus have been shown to relate to individual perception of the
stimulus and have been shown to differ between controls and some clinical
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populations. The present study aimed to examine the extent of ISC during
passive naturalistic comprehension in persons with aphasia compared to
neurotypical individuals. More specifically, I investigated group differences and,
from the control group, identified regions that respond consistently during passive
viewing in attempts to relate regional ISC to comprehension scores in a
population with varying degrees of comprehension deficits (persons with
aphasia).
Using a leave-one-out cross validation approach to calculate ISC maps for
each individual for both groups, average whole-brain ISC was calculated for all
participants (masking out lesioned voxels in the individuals with aphasia). A twosample t-test was conducted and a significant group difference between both
groups was observed. Overall, the control group responded with higher ISC
compared to the group with aphasia. A conjunction map showing regions
significantly different between groups revealed control participants had greater
ISC within both left and right hemisphere regions, particularly in bilateral STG
and visual cortices.
Ten seed regions were identified from the control group and further
investigated in individuals with aphasia: bilateral STG, bilateral calcarine sulcus,
right angular gyrus, right superior frontal, right intraparietal, right cerebellum, left
inferior frontal gyrus, and left precentral gyrus. For each seed region, the average
ISC between individuals with aphasia and the control group average was
calculated and subsequently entered into stepwise regression models to predict
behavioral scores along with proportion damage to the left hemisphere and
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months post stroke onset. ISC within seed regions was found to be associated
with comprehension scores, particularly in right hemisphere ventral stream
regions (STG, angular gyrus, intraparietal sulcus) and superior frontal gyrus.
Because some participants had extensive damage to two left hemisphere regions
of interest (left STG and IFG), these two areas were investigated separately. Left
STG ISC was trending towards significance in models predicting WAB AQ and
DCT Main Ideas score. Left IFG ISC was not entered as a statistically significant
predictor in any model predicting comprehension scores or aphasia severity.
Lesion volume was entered into all predictive models except for DCT Main
Ideas and the exploratory models examining left STG ISC. Interestingly, when
lesion volume was included in a specific model, ISC values to seed regions still
explained performance variance to some degree. The only region in which ISC
did not add to the model prediction for behavioral tasks above lesion volume was
left IFG. However, investigation of this region (along with STG) should be
interpreted with caution as we were only able to run regression models with 11
participants (some participants were excluded due to extensive damage to seed
regions). It is rather encouraging, however, to not find a relationship between IFG
synchrony and discourse performance, as comprehension literature merely
implicates IFG in working memory components of discourse comprehension and
make the claim that this region is not a central component comprehension itself
(see Fedorenko, 2014 for a review). Analyses with a larger sample of participants
with in-tact IFG would help to confirm this supposition.
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One interesting approach to investigating the necessity of these seed
regions during discourse comprehension would be including proportion damage
to these regions in prediction models rather than ISC to investigate if the ISC
models are more accurate than lesion models. It is likely, given the evidence
presented in the present study, that surviving tissue is not functioning (i.e.,
synchronizing) properly, thus lesion models will not be as informative as models
including synchrony measures. Therefore, this measure of synchrony could be
an indicator of the integrity of residual tissue seemingly unaffected by the lesion.
Other measures like structural and functional connectivity have provided some
explanation of how residual regions may be impacted by a lesion (Griffis, Metcalf,
Corbetta, & Shulman, 2019; Kalinosky, Schindler-Ivens, & Schmit, 2013; Meier,
Johnson, Pan, & Kiran, 2019; Yourganov, Fridriksson, Rorden, Gleichgerrcht, &
Bonilha, 2016). For example, white matter connections damaged from a lesion
may result in an individual 1) sending the neural signal via an alternate
“pathway,” or 2) losing the neural signal due to the absence of (or malfunct to) a
communicating path. Perhaps we can combine both efforts of intra-subject
measures (structural and functional connectivity) and inter-subject connectivity
(ISC) to measure how “healthily” the residual neural tissue functions. Studies with
larger samples and more heterogeneous lesions can address these important
questions more in the future.
Importantly, as the primary aim of this study was to identify regions where
ISC is associated with comprehension scores, it is worth noting that some
regions that were synchronous in the control population were not significantly

67

associated with comprehension scores. These areas included bilateral primary
visual cortices, RH cerebellum, and LH PCG, all regions that have not been
implicated in any models of language comprehension (Hickok & Poeppel, 2000,
2007b; Liberman & Mattingly, 1985). High ISC within primary visual cortices is
often observed in studies that present audio-visual or visual stimuli and has been
thought to indicate similar visual “tracking” and perception of the observable
stimulus across individuals. Though also observed in other ISC studies, the PCG
is a bit more elusive. One possible explanation of high ISC within PCG was noted
by Sonkusare and colleagues (2019) as being an important region for emotional
processing. In a study by Saarimäki and colleagues (2015), authors utilized
multivariate pattern analysis to classify brain regions by emotions elicited by
short movies. PCG and surrounding areas were found to contribute most to
emotional classification accuracy, and it is postulated that these regions are
implicated in naturalistic emotional responses like suspense (Sonkusare et al.,
2019). The video clips used in the present study did contain some emotionally
driven context, which may explain the observed ISC in PCG. For example, the
main story of one of the videos was about a young boy who was bullied by older
classmates, eventually concluding with him crying after being pelted with an egg.
Though we do not have a measure of emotional response to the videos available
for further analysis of PCG, an alternative approach that may shed light on if this
synchrony is emotionally driven could be carried out by performing a temporal
ISC analysis and comparing it to the content of the video clip. Identifying peak
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fluctuations and relating it to timepoints in the video may be the best approach to
relating such abstract measure to ISC.
Finally, the observation of significant ISC in the cerebellum during passive
viewing merits further investigation. Given the cerebellum’s noted involvement in
visual perception (controlling eye movement, specifically), it is possible that ISC
in the cerebellum is due to similar ocular movements elicited to track the stimulus
across individuals (Beh, Frohman, & Frohman, 2017). Future work would benefit
from investigated what these additional regions contribute to during naturalistic
perception tasks.
4.2 Group Differences in ISC
The present study provides evidence to adjudicate the validity and
importance of the observable neural synchrony mechanism for naturalistic
comprehension. Specifically, the results show that synchrony with the control
group average (i.e., the degree of similar performance to the control group) in
right hemisphere ventral regions (AG, STG, and IPS), right SFG, and, left STG is
associated with comprehension scores on off-line behavioral assessments. Not
only do these results add to the limited literature investigating the neural
mechanisms behind naturalistic comprehension in persons with aphasia, but they
also add to the existing literature investigating ISC more broadly.
In Section 1.4, the fact that few studies have investigated the relationship
between neural synchrony and off-line behavior was discussed. Even less
prevalent are studies of synchrony within clinical populations. The incomplete
investigation of these two components poses significant restrictions to the
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generalizability of the mechanism as proposed by initial papers investigating
synchrony. First, without adequate examination of how synchrony relates to offline behavior, it is unclear if synchrony merely reflects how an individual
synchronizes to the acoustic/visual parameters of the stimulus. The present
study exclusively looks at how behavior assessed independently from the
presented videos relates to synchrony, which allows for better generalization of
findings.
Second, assessing behavior among neurotypical individuals is rather
troublesome, given that neurotypical individuals will most likely not present with
any perceptual deficits. Therefore, proposing that this “mechanism” is an
indicator of successful perception is, at its core, flawed. By investigating
synchrony in individuals with a perceptual deficit specific to language, one can
better evaluate how synchrony can contribute to or is an indicator of perceptual
ability.
At the time of this study, the few studies that investigated ISC among
individuals with a clinical diagnosis did so in those with a more broad diagnosis,
which eliminated the ability to specify what a breakdown in synchrony was a
result of. For example, two studies investigated ISC among individuals with
autism when viewing films portraying social interactions and emotions. These
studies found that participants with autism presented with lower average ISC
across the entire brain compared to neurotypical controls (Hasson, Avidan, et al.,
2009; Salmi et al., 2013). Hasson and colleagues (2009) framed their
observation of high ISC in those some participants with autism as an indicator of
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an “underlying typical response,” after idiosyncratic differences are filtered out of
performance from the participants with autism. In a follow-up study, Salmi and
colleagues (2013) correlated autism severity with average ISC and found that
synchrony within regions typically associated with comprehension, particularly in
the inferior frontal gyrus (IFG), middle temporal gyrus (MTG), supramarginal
gyrus (SMG), were associated with autism severity. It is unclear how the
participants with autism performed on comprehension tests as this study merely
investigated a global performance measure (autism severity).
The only other clinical population studied using the ISC approach was
persons with Down Syndrome. Anderson and colleagues (2013) compared the
neural synchrony of 15 individuals with Down Syndrome to 14 typically
developing controls while watching cartoons. Overall, those with Down Syndrome
showed globally decreased ISC, suggesting less evidence of processing the
content of the presented cartoons in these participants compared to controls.
This study, however, did not attempt to relate regional or global ISC values with
performance scores (Anderson et al., 2013). While this study merely compared
the extent of average synchrony within each group (unrelated to behavioral
scores), they presented evidence that individuals with Down Syndrome, on
average, have lower ISC across the entire brain (i.e., more idiosyncratic
responses) compared to controls.
The present study adds to the existing literature and provides evidence
that there are group differences of ISC between stroke survivors, specifically in
persons with aphasia, and controls in in-tact regions that are seemingly
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unaffected by the lesion. Specifically, regions including bilateral primary auditory,
bilateral primary visual, bilateral STG, and left PCG were significantly more
correlated in the control group compared to the group with aphasia (Figure 3.1C).
Though unsurprising, these results provide evidence that even right hemisphere
regions are impacted in some way and the integrity of these regions can be
measured with this ISC measure, as ISC in these regions is associated with
comprehension scores.
4.3 Behavioral Performance Associated with ISC
A handful of studies have aimed to connect behavior unrelated to the
stimulus, specifically “trait-like” behavior, and neural response measured by ISC.
In a study by Bacha-Trams and colleagues (2018), individuals were grouped
based on individual cognition approach (holistic vs. analytical) as determined by
empathy and behavioral inhibition questionnaires. Interestingly, this group found
that holistic thinkers had overall ISC encompassing more extensive regions
compared to analytical thinkers. Additionally, significantly higher ISC among
temporal, occipital, and prefrontal regions was observed for the holistic group.
In a separate study, Finn and colleagues (2018) studied individuals with
varying levels of paranoia and showed that individuals with higher paranoia had
higher ISC in regions associated with social processing, specifically in left
temporal pole, mPFC, and left precuneous. Authors from this study posit that the
mPFC is critical for theory of mind which may explain its association with
paranoia.
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Of particular relevance to the present study, Thiede and colleagues (2020)
investigated individuals with a trait-specific behavior such as dyslexia during
auditory-only speech perception. Authors investigated group differences between
controls and participants with dyslexia, and the relationship between ISC at
various frequency bands and neuropsychological measures (phonological
processing, reading comprehension, and working memory) using MEG. Results
from this study showed atypical ISC during natural speech perception in
individuals with dyslexia. Specifically, participants with dyslexia had high bilateral
occipital synchrony and more distributed patterns of ISC within bilateral ventral
stream and left frontal lobe regions.
Overall, these studies (both those that investigated clinical diagnoses and
trait-like behavior) demonstrate that individuals that deviate from the “norm” in
some way (via diagnosis) also show evidence of differing on degree of ISC
compared to a control group, thus adding evidence to suggest that this neural
measure is behaviorally relevant to off-line performance. At first glance, these
results and the discussions that surround them propose that these ISC
differences are an indicator of normality, and, to some extent, this seems to reign
true. However, it is important to remember the question which began the
investigation that bore the ISC approach: “Do we perceive the world in the same
way?” These studies (as well as the one at present) utilize rich, multi-dimensional
videos to address this question. If we simplify our conception of this body of
literature that investigates trait behavior and clinical diagnoses, one can already
make the supposition that no, these trait/clinical groups do not perceive the world
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similarly. Further, the concept of naturalistic comprehension is rather
contradictory at its core because there is nothing “natural” about it. As discussed
in the framework of a situational model, we rely on a dynamic set of components
that are uniquely human, all of which go beyond comprehension of a message:
theory of mind, emotional perception, and relation to individual experiences, to
name a few. Though we all intrinsically utilize these elements of comprehension
(including those with a language-specific deficit) there is nothing synchronous
about these processes that should be observably correlated across individuals.
While results from this study and others do highlight the importance of certain
areas working in a typical, synchronous fashion, we are still left with questions
about how these regions interact to form what we refer to as the situational
model for which we need to relate to the world.
Considering Results from Previous ISC Studies
Prior studies that have dichotomized experimental groups based on traits
or diagnoses offer an informative explanation to this potential mechanism,
however, I’d like to discuss some pitfalls in the interpretation of the results from
these previous studies. First, and most critically, I previously discussed the ISC
approach as not requiring an a priori hypothesis. Though framed as a benefit to
the approach, I argue that without an a priori hypothesis in place, any result can
be deemed notable. For example, nearly every study mentioned above
implicated the mPFC in the trait or behavioral score being investigated (BachaTrams et al., 2018; Finn et al., 2018; Jääskeläinen et al., 2016; Nummenmaa et
al., 2012; Salmi et al., 2013). Therefore, regions that consistently show high
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synchrony regardless of the stimulus require thorough investigation before
making the claim that it is responsible for a given cognitive process. Second,
naturalistic stimuli, by definition, include complex information that cannot be
investigated in isolation. For example, Hasson and colleagues (2008) identified
regions, which were associated with episodic encoding when participants
attended to a cinematic film. However, such a stimulus will elicit activity within
regions important for memory encoding, low-level auditory-visual processing,
syntax and semantic processing, executive function processes, and emotional
perception regions. No study has attempted to investigate a specific cognitive
process while controlling for other recruited processes, therefore it is unclear if
the implicated regions are responsible for a given component of naturalistic
perception or a more global measure of perception. Finally, and more specific to
the present study, prior literature, which suggests that ISC within fronto-temporal
and parietal regions is associated with perception of the stimulus, made such
conclusions from data of participants that have no perceptual impairments
(Nastase et al., 2019). It is unclear if the observed relationship between on-line
perceptual performance is also present in individuals with off-line perceptual
deficits. The present study aimed to address this concern and found some
convincing evidence that there is a regionally-specific relationship between ISC
and off-line comprehension ability.
ISC Analysis in Persons with Neural Damage
As previously discussed, previous studies have investigated naturalistic
perception using ISC analyses in healthy controls and some clinical populations
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with trait-specific behaviors. These prior studies have made claims that
perceptual deficits are associated with lower ISC, but no study has recruited
participants with a perceptual deficit. Persons with aphasia can often present with
some degree of comprehension impairment, particularly during high-level
language presentations like discourse. By recruiting participants with a languagespecific deficit, we aim to investigate if ISC can indicate a language deficit
(aphasia severity), more specifically, a deficit of varying degrees of
comprehension (auditory-verbal comprehension, detail comprehension, and main
idea comprehension).
One caveat to running ISC analysis in individuals with stroke-induced
aphasia is that each individual has a unique lesion, which often involves areas
that respond with high ISC in neurotypical individuals attending to an audio-visual
naturalistic stimulus. Given that ISC analysis relies on correlating the time series
of each voxel in an individual with the control group average, individual lesion
masks were used to remove signal within these voxels. Whole-brain ISC was
then calculated by averaging all ISC values of intact voxels for each individual.
To address the second aim, which utilized left and right hemisphere seed regions
that were identified in the control group average ISC, 4 regions of interest were
identified in left hemisphere and had different degrees of injury for each
individual. As described above, analyses that included left hemisphere regions
were exploratory due to the presence of the lesion likely confounding signal to
these regions. To address the lesion’s impact on ISC in the seed regions, an ISC
map was created for the entire brain (without masking out the lesion) between
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each person with aphasia and the control average. Average ISC within each
region was calculated and proportion damage to the given region was factored
out of the ISC value. While this approach includes voxels that likely contain noisy
signal from the impact of the lesion, I argue that there is no gold standard to
incorporating lesioned voxels in an ISC analysis. Factoring out proportion
damage to a given region of interest is rather commonplace in stroke literature
(see Kalénine, Buxbaum, & Coslett, 2010 for a discussion). Two regions (STG
and IFG) were investigated for a subset (N=11) of individuals (those with <90%
damage to the region) and related to behavior. Only investigating these regions
in participants with some in-tact cortex allowed us to explore how these areas
relate to comprehension even in a stroke population. Due to the small sample,
this study would benefit from a larger number of participants with aphasia in
order to have adequate power to investigate left hemisphere regions of interest
further. Recruiting participants with different lesion profiles will be critical to any
ISC analysis with a population with neural damage.
4.4 Contributions to the Field
The complex processes involved during naturalistic comprehension have
left remaining questions regarding both the combined effort of involved cognitive
processes and their neural correlates. Conventional studies of speech perception
have relied on low-level (phoneme or word-level) discrimination tasks, which do
not generalize to language presentations in real-world experiences. Studies of
low-level speech perception have informed computational of comprehension and
have identified focal speech-perception regions within and around pSTG (Hickok
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& Poeppel, 2007b; Myers et al., 2009; S E Petersen & Fiez, 1993; B. Xu et al.,
2001). Studies of more high-level comprehension tasks involve some aspects of
syntactic and semantic processing, which is has been shown to implicate more
global neural networks (see Matchin & Hickok, 2020 for a review). Though
informative, these studies are unable to explain how these processes work
during naturalistic comprehension.
Unlike traditional approaches to study speech comprehension, tasks that
target naturalistic speech comprehension do not merely test a single component
of perception in a brief epoch (i.e., phoneme or syllable discrimination). In
naturalistic paradigms, tightly controlled stimuli presentations are exchanged for
a continuous stimulus that draws from examples of language use outside of the
laboratory setting. By investigating more suitable stimuli to understand real-world
language perception, we move away from the traditional approach to identifying
focal neural correlates associated with a single component of perception, and
better understand the neural networks that make up the complex process
recruited during comprehension. However, as previously discussed, a significant
drawback of such an experimental design is our lack of isolation of particular
processes perhaps not necessary for comprehension (i.e., primary visual cortices
and motor cortices, as noted in the results of the present study).
Studies that have investigated naturalistic comprehension have utilized an
analysis that measures the time-locked synchrony within the same voxel across
participants. As discussed in Section 1.4, this measure of neural ‘entrainment,’
referred to as ISC, consists of a correlation value within each voxel to indicate
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how similarly an individual (at the voxel-level) responds to the stimulus compared
to others. Early investigations using this analysis have identified regions that,
regardless of the stimulus presented (comedy sketch, news segment, cinematic
movie, etc.) respond similarly across individuals. These regions include primary
auditory and visual cortices, STG, mPFC, and temporo-parietal cortices (BachaTrams et al., 2018; Finn et al., 2018; Hasson et al., 2008; Jääskeläinen et al.,
2008; Nastase et al., 2019; Nummenmaa et al., 2012; Salmi et al., 2013; Silbert,
Honey, Simony, Poeppel, & Hasson, 2014). Sections 4.1 and 4.2 provide a
summary of literature which used this technique to compare group differences
and investigate behavioral correlates of ISC within specific regions. Proposed
initially as a mechanism of visual and auditory perception, some studies have
also proposed that some component of ISC can indicate a level of
comprehension (Hasson, Ghazanfar, Galantucci, Garrod, & Keysers, 2012;
Nastase et al., 2019; Nguyen et al., 2019). Though a compelling proposition, no
study has recruited individuals with a chronic, isolated deficit of language ability.
It is well understood that individuals with aphasia present with deficits in
discourse comprehension. Unlike low-level perceptual tasks, discourse
comprehension relies upon global cognitive processes with substrates localized
across the brain. Caplan and Evans (1990) investigated higher-level perception
and found that syntactic comprehension scores were associated with discourse
comprehension (Caplan & Evans, 1990). However, more recent studies have
shown evidence of independent processing demands for discourse and syntactic
processes (Kiran et al., 2015; Sergey, 2006). Given evidence of lack of
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generalizability between perceptual tasks, there is great need to better
understand the neural mechanisms responsible for decoding naturalistic
language presentations.
Discourse comprehension has been suggested to involve aspects of
processing that go beyond what is necessary for sentence comprehension. For
example, discourse stimuli incorporate the use of referents across a longer
stimulus, one must encode and properly assign the appropriate referent to
information presented in throughout stimulus. The role of working memory and
other executive functions have also been deemed important in discourse
perception, which further broadens the network involved in this level of
processing. Section 1.2 provides a discussion of the complex involvement of
cognition during high-level comprehension tasks, such that are seen in
naturalistic settings. Finally, because no lesion is the same across individuals,
and high-level comprehension involves many cognitive processes, it is difficult to
ascertain the specific stage at which a comprehension breakdown can occur in a
person with any type of aphasia. For these reasons, it is integral for our work to
move away from isolating a neural correlate and move towards identifying the
network involved.
Neural synchrony indicates the level of similarity between two individuals
(or one individual to the average of a group) at the voxel-level. Not only does the
ISC measure provide us a degree of how similarly a region is functioning in one
person compared to another, but we also have the ability to examine the
relationship between specific components of comprehension and perhaps how
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integral a region is for a given behavior. The present study found that intact
regions in individuals with aphasia present with decreased synchrony compared
to controls. This finding provides us with a measure of neural integrity of these
regions and could perhaps shed light on the functioning system. By identifying
regions that could explain comprehension ability, it is possible that future work
can aim to effectively “train” such regions in persons with comprehension deficits
to synchronize appropriately. The present study found that synchrony in specific
regions (RH STG and SMG) are associated with comprehension of main ideas,
whereas RH AG and IPS are associated with comprehension of details.
Future work would benefit from investigating if treatment addressing a
specific component of discourse processing elicits more normalized neural
synchrony in regions implicated during typical discourse comprehension.
Moreover, introducing brain stimulation to synchronize regions these regions and
train them to synchronize in similar ways to a neurotypical individual may bolster
behavioral effects that are treated in speech-language therapy. Though no study
has utilized brain stimulation to increase neural synchrony, per se, there is
evidence that brain stimulation to areas that oscillate during perception can
improve comprehension ability in persons with different types of aphasia, though
studies that have investigated this only evaluated changes in low-level perceptual
tasks. For example, previous studies provided evidence that both anodal and
cathodal direct current stimulation of the left STG can lead to improvements on
auditory word comprehension (You et al., 2011; Wang et al., 2013; Wu, Wang, &
Yuan, 2015). No study, to my knowledge, has investigated the use of transcranial
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alternating current stimulation (tACS) as an approach to target comprehension in
a clinical population. This is rather surprising, given the evidence that neural
oscillatory responses in the theta band (~4Hz) and alpha band (~10Hz) have
been implicated in speech processing and comprehension ability. Therefore,
future studies where neural oscillations are elicited via tACS to model that which
is observed within neurotypical individuals during a naturalistic comprehension
task is an interesting approach to evaluate in the context of neural synchrony.
4.5 Limitations
This study was the first to examine neural synchrony in individuals with
comprehension deficits due to neural damage. Moreover, the analysis technique
that was utilized was developed for, and has been conventionally used on,
neurotypical individuals. To investigate synchrony in persons with aphasia, this
study proposed methods to account for the lesion (i.e., making out lesioned
voxels from global ISC calculation; regressing out proportion damage to seedregions from average seed-region ISC). However, it is important to note that any
investigation including ISC of voxels within the damaged left hemisphere are
explorative and results should be considered with caution. Notably, to explore
such left hemisphere regions, a subset of our sample was used to only include
participants with >10% of an area in-tact. A significant limitation of the present
study is our low sample sizes of both controls and participants with aphasia. The
recruitment timeframe was halted due to the COVID-19 pandemic. Although prior
studies that have utilized ISC to investigate group differences have reported
results with samples >15 participants, our sample of individuals with aphasia
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merits the need to collect data from more participants in order to allow us to
further evaluate ISC within the left hemisphere. A possible confound of our data
is the greater number of female control participants compared to female
individuals with aphasia. Gender-dependent differences have been shown to
impact location and extent of synchrony across the brain (Williams et al., 2005).
Looking forward, gender should be considered in participant recruitment and
analyses comparing groups should include equal number of men and women to
combat this potential issue. Additionally, all analyses within the secondary aim of
this study rely on averaging all control time series data to create an average
control template time series to correlate with each individual with aphasia.
Therefore, increasing the sample sizes of both groups is necessary to validate
results from the current study.
The present study recruited participants who scored > 5 out of 10 on the
WAB Auditory/Verbal Comprehension sub-score. Though the intention of this
being a criterion for inclusion was to ensure some integrity of the regions
necessary for comprehension, it is important to consider in the context of our
results. Individuals who score below 5 on the Comprehension sub-test of the
WAB typically have a severe impairment caused by a substantial lesion (likely
localized more posteriorly). By recruiting individuals with at least partially in-tact
comprehension ability, we were able to more thoroughly investigate in-tact left
hemisphere comprehension regions. However, including participants whose
primary deficit is in comprehension would aid in a more thorough evaluation of
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the necessity of right hemisphere synchrony, and results from such a sample
would be more generalizable to aphasic individuals as a whole.
Ten seed-regions were identified, which indicated significant ISC in the
neurotypical group during perception of a naturalistic stimulus. By analyzing
these seed-regions in participants with aphasia, I aimed to evaluate how intact
regions were impacted by the lesion and thus, examined if synchrony in these
regions was associated with behavioral performance. I hypothesized that low ISC
within regions that are consistently synchronized in controls would be associated
with aphasic deficits. This study did not consider, however, individualized
functional regions’ synchrony and instead used the same regions across all
participants. This approach, though informative on a global scale, does not
account for individual variability in the location of cortical recruitment (i.e., our
voxel-voxel comparison ignores individualistic brain organization). It is not
necessarily the case that the same cognitive process recruits the same voxel
across participants (Fedorenko, 2014). Inter-subject functional connectivity
(ISFC) analyses attempt to mitigate this limitation by relating each voxel in an
individual to many voxels within another to identify related networks (Simony et
al., 2016). The ISFC approach has been utilized to investigate specific networks
(i.e., the default mode network) across individuals, but could be valuable to
investigate within the bilateral ventral stream to investigate functional
comprehension regions within each participant (Simony et al., 2016). Future
studies using a functional localizer or ISFC approach could be used to address
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this limitation, but appropriate steps to address lesioned voxels will need to be
considered when used in a clinical population with neural damage.
Finally, future work would benefit from investigating additional measures
at different levels of complexity that make up the process of discourse
comprehension (phoneme discrimination, word recognition, sentence
comprehension, syntactic processing, etc.) to voxel-wise ISC values. In the
present study, a broad measure of discourse comprehension (DCT) was
investigated to relate to ISC in participants with varying degrees of
comprehension deficit. As discussed in Kiran and colleagues (2015), however,
this test does not address all components of discourse comprehension. For
example, syntactic comprehension is not always necessary to comprehend the
passages correctly, because some sentences can be understood using real
world knowledge. Therefore, additional off-line measures of discourse
comprehension that target additional processes would be very beneficial in better
understanding how ISC relates to perception.
4.6 Final Remarks
Results from the present study provide evidence that the presence and
degree of neural synchrony can predict behavioral deficits in naturalistic speech
comprehension. This study provides a foundation for which future work aiming to
develop a neurocomputational model of naturalistic speech comprehension can
build upon. The findings from this study provide evidence that may add to our
level of understanding for why participants with aphasia due to unilateral lefthemisphere damage may present with some degree of comprehension

85

impairment. Evidence of neural synchrony predicting behavioral deficits posits
that this metric may be a proxy measure of residual regions’ integrity and
provides a measure of how similarly residual brain areas are performing
compared to controls. Motivated from other studies that have proposed this
measure of ISC as an indicator of typical performance during a naturalistic
perception task, the present results emphasize the importance of neural
fluctuations and show that a deviation from synchrony is associated with off-line
behavioral deficits. Future studies should build on the results presented in this
study to further understand the effects of neural synchrony on behavior, and work
to investigate if regions unsynchronized can be attuned or trained when targeted
in therapy or regionally-specific brain stimulation.
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